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ABSTRACT 
 Accelerating sea-level rise (SLR) poses an imminent threat to salt marshes, which 
sit within meters of mean sea level. In order to assess marsh vulnerability to SLR, we 
must first understand the fundamental processes governing marsh response to SLR. The 
objective of this dissertation work is to examine how marsh sedimentation and erosion 
affect the morphological development of marshes as sea level rises, over a broad range of 
spatial and temporal scales. 
 At the smallest scale, the effects of bioturbation by Sesarma reticulatum crabs on 
sediment erodibility are examined using a laboratory flume. Measurements of surface 
elevation, erosion, and turbidity show that S. reticulatum bioturbation repackages 
formerly compacted sediment and deposits it above the surface, decreasing the threshold 
velocity for erosion and increasing eroded volume. S. reticulatum-induced sediment 
erosion can have broader impacts on creek development and marsh morphology. 
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 S. reticulatum has facilitated drainage network expansion in salt marshes at 
Sapelo Island, GA and Cape Romain, SC in response to local SLR. Burrowing by this 
crab directly adjacent to tidal creeks at these locations leads to rapid headward growth. 
The effects of site-specific conditions on creek expansion are examined through 
comparison of sediment properties, surface elevations, and historical rates of creek 
growth at each site. Results suggest that while similar processes are occurring at both 
locations, the higher elevation of the marsh in GA leads to greater shear strength and a 
larger volume of material to be eroded by creeks. These combined effects have led to 
slower creek growth compared to SC. 
 At the largest spatial scale, and projecting forward over a 100-year period, a 
model for marsh response to SLR at the Great Marsh in Massachusetts is developed. This 
model takes into account limitations imposed by both low sediment availability and steep 
topography in the surrounding uplands. Results indicate that while the marsh may persist 
for several decades, it undergoes a dramatic shift in ecology and hydrology. As the rate of 
SLR accelerates, marsh loss increases due to the lack of sediment available for accretion 
and the physical barriers to migration presented by surrounding topography. 
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PREFACE 
 Salt marshes are vulnerable to the effects of accelerating sea-level rise (SLR), due 
to their position near mean high water (MHW) and need for a balance between flooded 
and dry conditions. Salt marshes are regularly inundated during high tide, and salt marsh 
vegetation is adapted to be flood- and salt-tolerant. However, prolonged inundation due 
to SLR limits oxygen exchange with the marsh substrate, potentially leading to hypoxia 
and vegetation die-off (Mendelssohn and McKee, 1988). The loss of vegetation leads to 
weakened soil strength and elevation collapse, inhibiting revegetation and causing 
irreversible losses in marsh area (Day et al., 2011). 
 The threat posed by SLR is particularly significant given the high ecological and 
economic value of salt marshes. As one of the most productive types of ecosystem in the 
world, salt marshes sequester large amounts of carbon (Chmura et al., 2003; Connor et 
al., 2001; McLeod et al., 2011) and play an important role in the cycling and regulation of 
other key nutrients in coastal systems, including nitrogen (Brin et al., 2010; Valiela and 
Teal, 1979), phosphorous (van Wijnen and Bakker, 1999), and silica (Vieillard et al., 
2011). Their high primary productivity also makes them an ideal habitat for a variety of 
wildlife, particularly juvenile fish and shellfish (Boesch and Turner, 1984; Deegan et al., 
2000). In addition, expanses of marsh can protect developed inland areas by substantively 
attenuating wave energy and surge elevation accompanying major storms (Duarte et al., 
2013; Möller et al., 2001). 
 In order to maintain their position relative to rising sea level, salt marshes must 
accrete vertically via a combination of increased root production (organic accretion) and 
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deposition of fine-grained sediment (inorganic accretion). However, many salt marshes 
worldwide are already experiencing accretion rates lower than local rates of sea-level rise 
(Crosby et al., 2016). Accretion rates are influenced by site-specific factors, including 
sediment supply (Kirwan et al., 2010), vegetation type (Hatton et al., 1983), and 
inundation depth (Morris et al., 2002). If a marsh is unable to accrete at a sufficient rate 
to keep pace with SLR, prolonged inundation may lead to a change from high to low 
marsh type, or, in some instances of rapid SLR, to waterlogging, vegetation die-off, and 
eventual submergence (Mendelssohn and McKee, 1988; Reed, 2002). As low-lying areas 
are lost to inundation or edge erosion, the marsh may be able to counteract these losses 
through expansion along the landward edge due to increased inundation of upland areas 
(Brinson et al., 1995). 
 In addition to accretion, erosion also plays a role in the morphological evolution 
of salt marshes. Marsh edge retreat due to wave erosion may increase suspended 
sediment content of tidal water, thereby providing sediment for accretion on the marsh 
surface (Mariotti and Carr, 2014), but is ultimately a sign of instability and can result in 
marsh deterioration and substantial areal losses (Day et al., 1998; Fagherazzi et al., 2013). 
Bioturbating infauna can enhance erosion by removing vegetation (Bertness et al., 2009; 
Escapa et al., 2008; Wilson et al., 2012) and reducing sediment cohesion (Blanchard et 
al., 1997; Le Hir et al., 2007; Widdows and Brinsley, 2002). This enhanced erosion can 
affect marsh morphology by facilitating the formation and rapid expansion of tidal creeks 
(Perillo et al., 2005; Perillo and Iribarne, 2003; Wilson et al., 2012). Expansion of the 
drainage network of tidal creeks may occur in order to accommodate the increased tidal 
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prism caused by SLR (D’Alpaos et al., 2005; Hughes et al., 2009; Knighton et al., 1991; 
Stefanon et al., 2012). 
 Accretion and erosion are both small-scale processes which play a larger role in 
marsh morphology, influencing both meso-scale marsh features and landscape-scale 
evolution (Fig P-1). However, despite advances in our understanding of marsh processes, 
there are still clear gaps in our knowledge with regards to the relationship between 
sedimentation, erosion, and SLR. Understanding how these small-scale processes 
influence the morphological evolution of salt marshes in response to SLR will be vital to 
their successful management.  
Fig P-1. Conceptual framework for factors influencing marsh morphological development over varying spatial 
and temporal scales. Yellow arrows indicate smaller-scale processes influencing larger-scale processes. 
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 This dissertation aims to quantify and assesses mechanisms controlling marsh 
sedimentation and erosion, and how these mechanisms play a larger role in the 
morphological evolution of salt marshes in response to sea-level rise. These processes 
are examined across a wide range of spatial and temporal scales: 1) ecogeomorphic 
feedbacks influencing fine-scale erosion and the critical velocity of that erosion, 2) how 
those feedbacks affect the morphological development of the marsh, specifically tidal 
creeks, over the past several decades, and 3) how sediment availability and inland 
topography affect the evolution of an entire marsh system over the coming century. 
This dissertation is divided into three main chapters, each a manuscript either 
submitted or prepared for submission to a peer-reviewed journal. Previously collected 
data from other studies have been utilized in some cases, all of which are noted 
throughout the text, and the data sources are cited accordingly. All other data collection, 
analysis, and interpretation are the products of my own work and represent new 
contributions to the scientific literature. 
Chapter 1, titled “The impacts of bioturbation by common marsh crabs on 
sediment erodibility: a laboratory flume investigation,” has been submitted to the Journal 
of Geophysical Research: Earth Surface for publication, co-authored by Zoe Hughes, 
Duncan FitzGerald (both of Boston University), and Kyle Strom (of Virginia Tech). The 
paper describes a set of laboratory flume experiments designed to evaluate the effects of 
bioturbation by Sesarma reticulatum crabs on the erodibility of marsh sediment 
compared to unburrowed sediment, and sediment burrowed by another common marsh 
crab species, Uca pugnax. Chapter 2 examines the mechanism by which S. reticulatum 
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bioturbation facilitates the growth of tidal creeks by comparing sediment properties, 
elevations, and creek growth rates at Sapelo Island, GA to measurements previously 
collected at Cape Romain, SC and reported in Hughes et al., 2009 and Wilson et al., 
2012. Chapter 3 describes a model developed to predict the morphological development 
of the Great Marsh in Massachusetts over the coming century of sea-level rise, with 
particular attention to the effects of low suspended sediment availability and steep 
surrounding topography at this location. Chapter 4 presents final conclusions and a 
synthesis of the research projects described, drawing together conclusions from each of 
the preceding chapters and placing them within the context of a larger conceptual 
framework. 
In addition to the chapters described above, several appendices accompany this 
dissertation to allow for improved understanding and evaluation of the work described 
herein. Appendix A contains an overview of considerations and best practices when 
measuring the effects of bioturbation in a laboratory flume setting. This is my 
contribution to the draft manuscript of a book chapter titled “Understanding Marsh 
Dynamics: Laboratory approaches,” first-authored by Charlie E. L. Thompson. Appendix 
B includes supplement figures and tables related to the flume experiments described in 
Chapter 1. Appendix C contains data on the sediment cores collected from Sapelo Island, 
GA between June 2012 and October 2013, discussed in Chapter 2. This includes 
collection date, latitude, longitude, elevation, bulk density, organic content, belowground 
biomass, and shear strength for each core. 
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Chapter 1: The impacts of bioturbation by common marsh crabs on sediment 
erodibility: a laboratory flume investigation 
 
Abstract 
 Rising sea levels threaten salt marshes globally, and understanding how these 
ecosystems may respond to sea-level rise (SLR) is vital to their successful management. 
In order to maintain their surface elevation as sea level rises, salt marshes must add below 
ground biomass and accrete sediment. In many cases, biota can significantly affect 
accretion and erosion in salt marshes by stabilizing or destabilizing sediment, which in 
turn can have profound effects on the morphological evolution of the marsh, but these 
effects are poorly understood. Bioturbation by dense populations of the marsh crab 
Sesarma reticulatum has been found to facilitate expansion of tidal creeks and creek bank 
erosion in multiple areas. The effects of S. reticulatum bioturbation on sediment 
erodibility have yet to be quantified directly, due in part to the difficulties involved in 
measuring the relevant processes in a field setting. In this study, we used a laboratory 
flume to examine and compare the effects of burrowing by S. reticulatum and another 
common marsh crab species, Uca pugnax, on sediment surface roughness and erodibility. 
Measurements of sediment surface elevation and flow velocities indicate that burrowing 
and feeding by S. reticulatum, to a greater extent than U. pugnax, increased surface 
roughness and decreased the threshold velocity and shear stress required for sediment 
erosion. The observed burrowing-facilitated erosion was of a similar magnitude to 
average rates of marsh surface accumulation, providing a mechanism for sediment loss in 
heavily burrowed areas, and potentially influencing large-scale morphological changes. 
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1. Introduction 
As one of the most productive types of ecosystems in the world, salt marshes act 
as a significant carbon sink (Chmura et al., 2003; Connor et al., 2001; McLeod et al., 
2011), play an important role in the cycling and regulation of other key nutrients (Brin et 
al., 2010; Valiela & Teal, 1979; van Wijnen & Bakker, 1999; Vieillard et al., 2011), and 
provide habitat for a variety of wildlife (Boesch & Turner, 1984; Deegan et al., 2000). 
Expanses of marsh can also protect inland areas from the full force of coastal storms 
(Duarte et al., 2013; Möller et al., 2001). However, accelerating sea-level rise (SLR) 
threatens salt marshes worldwide, but despite increased levels of research over the past 
several years, the potential impacts on these important systems are poorly understood. 
With their nearly flat topography, small changes in water level may impact salt marshes 
over large areas, making them particularly vulnerable to SLR. If unable to accrete 
sufficient sediment for vertical and lateral expansion, a marsh may undergo submergence 
(Reed, 2002), edge erosion (Day et al., 1998; Marani et al., 2011; Mariotti & Carr, 2014; 
Mariotti & Fagherazzi, 2010) and/or expansion of salt ponds and drainage networks 
(Coco et al., 2013; Hughes et al., 2009; Stefanon et al., 2012). Understanding the factors 
that affect a marsh’s ability to accrete sediment will be crucial to determining that 
marsh’s level of vulnerability and morphological response to SLR.  
The role of salt marsh vegetation in producing organic accretion and encouraging 
inorganic accretion is well studied (Kirwan & Murray, 2007; Leonard & Croft, 2006; 
Morris et al., 2002; Redfield, 1965; Reed, 2002). In addition, the activities of marsh 
infauna can affect not only vegetation health (Bertness et al., 2009; Holdredge et al., 
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2009), but also sediment geotechnical properties (Wilson et al., 2012), sediment surface 
roughness (Meng et al., 2012), and suspended sediment concentrations (Wang et al., 
2017). Through bioturbation and other activities, some infauna can drastically change the 
sediment erodibility (Needham et al., 2013; Widdows & Brinsley, 2002 and citations 
therein), substantively altering salt marsh morphology (Escapa et al., 2007; Escapa et al., 
2015; Hughes et al., 2009; Paramor & Hughes, 2004; Smith & Green, 2015). With a 
forecasted increase in stress on coastal ecosystems due to accelerating SLR, it is vital to 
quantify the relationship between infaunal activities and marsh sedimentary processes, 
particularly those processes that increase sediment erodibility. 
Previous studies have found that the activities of some species can reduce the 
threshold for sediment erosion, while others may stabilize sediment (Blanchard et al., 
1997; Widdows et al., 2004; Widdows & Brinsley, 2002). Widdows and Brinsley (2002) 
review flume studies designed to measure the effects of biological activity on the 
erodibility of intertidal sediments. They divide key biota into two categories: 1) bio-
stabilizers, which include mussels, microphytobenthos, macroalgae, and salt marsh 
macrophytes, which increase frictional drag, physically protect the bed, and enhance 
sediment cohesiveness; and 2) bio-destabilizers, which include clams, snails, and other 
bioturbators, which increase surface roughness, reduce the critical velocity, and increase 
erosion rates. Although results of these studies aid sedimentation models, the effects of 
only a few key species have been identified and quantified. 
Changes in sediment erodibility caused by bioturbation occur due to changes in 
sediment characteristics such as water content, permeability, and rheology. Burrowing in 
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particular tends to increase the soil water content and decrease sediment density, thereby 
reducing shear strength and destabilizing the sediment (Gerdol & Hughes, 1994; Le Hir 
et al., 2007; Mazik & Elliott, 2000; Nowell & Jumars, 1984). In addition, the formation 
of pellets and burrow structures repackages formerly compacted sediment, changing the 
sediment texture and the effective sediment grain size by creating larger aggregates of 
grains (Fernandes et al., 2006; Grabowski et al., 2011; Widdows et al., 2009). This 
repackaging can greatly increase the potential for sediment erosion, since consolidated 
mud is difficult to mobilize, but softer, less dense mud has a lower threshold shear stress 
(Le Hir et al., 2007). Pellets and structures also create a greater obstruction to flow than a 
flat sediment surface, making them easier to mobilize and transport than undisturbed 
sediment. These combined effects of bioturbation by crab feeding and burrowing serve to 
lower the critical velocity and shear stress for erosion (Widdows et al., 2009) and 
increase suspended sediment concentrations (Wang et al., 2017). 
Studies in South America have found that burrowing by the crab Chasmagnathus 
granulate creates dead vegetation patches, which eventually collapse to form 
topographically low areas on the marsh surface that ultimately develop into tidal creeks 
(Perillo & Iribarne, 2003; Perillo et al., 2005). The herbivorous crab Sesarma reticulatum 
has also been found to cause vegetation loss, as well as changes in sediment geotechnical 
properties, at a number of sites along the east coast of the US, increasing the potential for 
erosion and altering marsh geomorphology. In New England, active burrowing and 
feeding along creek banks by localized dense populations of this herbivorous crab has led 
to widespread plant die-off (Bertness et al., 2009; Coverdale et al., 2012; Holdredge et 
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al., 2009). As a result, these sites are left more vulnerable to wave exposure (Bertness & 
Leonard, 1997), leading to large-scale erosion along creek banks and retreat of marsh 
edges (Bertness et al., 2009; Mariotti & Carr, 2014; Mariotti & Fagherazzi, 2010; Smith 
& Green, 2015). Salt marshes along the South Atlantic Bight are experiencing similar 
processes on a smaller scale. S. reticulatum populations and associated vegetation die-off 
are typically concentrated at smaller creek heads, where burrow density exceeds 800/m2 
and facilitates extension of these tidal channels (Hughes et al., 2009). Studies have 
concluded that both direct feeding on Spartina alterniflora roots and the construction of 
elaborate, interconnected networks of burrows by S. reticulatum cause oxygenation of the 
subsurface and physical destruction of the root system, increasing decomposition of 
organic matter (Wilson et al., 2012). This weakens the soil and leads to the formation of a 
depression, focusing tidal flow and further enhancing erosion. Sea-level rise increases the 
tidal prism, which drives creek extension (Stefanon et al., 2012), and S. reticulatum 
burrowing facilitates more rapid extension of tidal creeks than would be otherwise 
possible (Hughes et al., 2009).  
 In order to determine conditions under which tidal flows can erode marsh 
sediment, observations of the threshold velocity for erosion that incorporate the effects of 
bioturbation are required. Although laboratory conditions differ from those in a natural 
setting, flume-based assessments are invaluable to precisely quantify the effects of key 
species on sediment erosion, due to difficulties in measuring or isolating parameters in 
the field. This study quantifies the degree to which S. reticulatum changes the threshold 
velocity and shear stress for sediment erosion and demonstrates the effects of feeding and 
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burrowing by S. reticulatum on the sediment surface morphology in a laboratory setting. 
As previous studies have found that different species of burrowing crab may have 
differing effects on sediment erosion and transport (Botto and Iribarne, 2000), these 
effects are compared to those of Uca pugnax, or fiddler crabs, another burrowing species 
common to salt marshes. Unlike S. reticulatum, U. pugnax is a deposit feeder, which 
constructs relatively simple, chimney-like burrows, is considered to be beneficial to 
vegetation growth (Montague, 1982), and does not show a preference for areas adjacent 
to tidal creeks (Vu et al., 2017). Using laboratory flume experiments, we compare erosion 
patterns in sediment burrowed by S. reticulatum, sediment burrowed by Uca pugnax, and 
unburrowed sediment in order to quantify the impacts of S. reticulatum activity on 
sediment erodibility. The purpose of these experiments was not necessarily to replicate 
field conditions, but to isolate the effects of bioturbation by these two species in a 
controlled environment in order to assess their impacts on a variety of parameters, 
including surface roughness, sediment removal, and critical threshold velocity for erosion 
relative to unburrowed sediment. These parameters can be used as input for modeling salt 
marsh evolution. 
 
2. Methodology 
2.1 Experimental design 
Flume experiments were conducted in a non-recirculating flume tank (Fig 1-1a) in 
the Department of Engineering at the University of Houston. In order to isolate the 
effects of crab burrowing from the influence of vegetation rooting, unvegetated sediment 
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was used in all experiments. It should be noted that the lack of vegetation may have 
facilitated greater erosion than would be expected in vegetated marsh sediment. 
Vegetation helps to prevent erosion by slowing flow velocities and stabilizing the 
sediment. In addition, crabs preferentially burrow in unvegetated sediment (Ringold, 
1979). The removal of obstructions to digging may have increased burrowing activity, 
further facilitating erosion. Although the removal of vegetation represents a deviation 
from typical salt marsh conditions, it should be noted that extensive S. reticulatum 
burrowing has been shown to destroy vegetation (Wilson et al., 2012). So although 
control and U. pugnax treatments may have experienced greater erosion than would be 
observed on healthy marsh platform, the S. reticulatum treatments may have been more 
representative of salt marsh sediment that has experienced vegetation die-off due to 
burrowing by S. reticulatum.  
Organic-rich mud was collected from a marsh near Galveston, TX in June 2013. 
Vegetation at the collection site was predominantly Spartina alterniflora. Sediment was 
taken from the edges of pools and channel banks in order to avoid the inclusion of live 
belowground biomass, and large roots and highly compacted clays were removed. The 
sediment was divided among twenty seven cylindrical, two-gallon containers, all of 
which were levelled with a trowel to create a uniformly flat surface at the tops of all 
containers and allowed to consolidate for three days. Sesarma reticulatum and Uca 
pugnax, a non-herbivorous, burrowing crab commonly found in salt marshes along the 
US east coast, were collected from a salt marsh on Sapelo Island, GA and transported to 
the laboratory at University of Houston. S. reticulatum were introduced to eight of the 
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containers, U. pugnax were introduced to another eight, and the remaining eleven 
containers served as unburrowed controls. Netting was secured over the tops of all 
containers to contain the crabs.  
Three crabs, two males and one female, were placed in each of the experimental 
containers, mimicking the natural population density near creek heads. It should be noted 
that while smaller U. pugnax males burrow nearly as well as females, larger U. pugnax 
males tend to burrow less effectively due to their enlarged claw (Bertness & Miller, 
1984). While this may have led to slightly conservative estimates of the effects of 
burrowing for U. pugnax, differences in burrowing rates between these species have been 
noted elsewhere. Previous mesocosm experiments have demonstrated that at a common 
density, S. reticulatum excavate approximately 59% more soil per week than U. pugnax 
(Vu et al., 2017). These differences in excavation rates are likely due to interconnected 
burrow networks constructed by groups of S. reticulatum recorded in field settings 
(Wilson et al., 2012) and observed in this study, compared to the unconnected, chimney-
like burrows built by U. pugnax (Crichton, 1960).  
The crabs were allowed to construct burrows (Fig 1-1b) and feed for three days, 
during which time all containers were flooded with salt water for three hours once a day, 
to a depth of 2-4 cm above the sediment surface, to simulate the effects of the tides. Any 
crabs that died during this period were replaced to keep population densities constant. 
Crabs were removed from their containers immediately prior to being run through the 
flume only when it was possible to do so without disturbing the sediment, so in some 
cases active burrowing may have taken place while in the flume. 
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2.2 Surface elevation 
Ground-based LIDAR (Z + F Laser Imager 5003) was used to quantify the impact 
of burrowing on surface roughness and assess surface erosion before and after the flume 
experiments. To minimize shadowing, each sediment container was scanned three times, 
rotating 120 degrees between each scan. The three surface elevation data sets for each 
sediment block were then merged to produce a complete three dimensional composite of 
the surface elevation of the container with an average of 2.19 x 105 points per container, 
for an average point density of 3.41 x 106 points/m2. This allowed us to quantify the 
morphologic changes caused by burrowing (scan before flume) and sediment loss due to 
erosion (scan after flume). Surface roughness due to burrowing was represented by taking 
the standard deviation among all surface elevation points within each container. The 
standard deviations for each container were then averaged by treatment type. The LIDAR 
point data was gridded in Matlab® using a linear Delaunay triangulation method to create 
a surface at a resolution of 1 mm. The difference between the before-flume and after-
flume surface elevations was calculated to determine the volume of sediment lost to 
erosion in the flume. Here and elsewhere, average values for control, U. pugnax, and S. 
reticulatum treatments were compared via Welch’s ANOVA to test the null hypothesis of 
no difference between treatments, followed by a post-hoc Games-Howell test. 
2.3 Threshold velocity and shear stress 
Each container was placed into a 6 m long x 0.3m wide x 0.9m high flume with a 
wooden false bottom positioned at 0.24 m above the tank bottom (Fig 1-1a), ensuring that 
  
10 
the sediment surface was flush with the ‘bed’ (Fig 1-1c), preventing scour around the 
edges, and minimizing flow perturbations. Sediment containers with a diameter of 0.21 m 
were positioned 5 cm in from the tank walls on either side in the approximate center of 
the 6 m long flume tank in order to minimize edge and wall effects. The flume was filled 
with water very slowly, and left still until any turbulence had dissipated. All 
instrumentation was then initiated simultaneously (synchronizing the recording time) and 
the water was drained from the tank in a controlled flow through a small opening at one 
end. The flume was run once for each of the twenty seven containers, during which time 
velocities were gradually increased from zero to an average maximum of 0.7 m/s over a 
70-80 second period (Fig A-1, Appendix B). The first three control treatments were 
discarded due to the formation of a standing wave within the flume tank, an issue which 
was eliminated in subsequent runs. Velocities in the flume were recorded at 25 Hz using 
a side-looking acoustic Doppler velocimeter (ADV), with a sampling volume of 198 mm3 
located 50 mm in front of the transducer, which was installed 3 cm above the false 
bottom (Fig 1-1a). High frequency measurements of turbulent velocity enabled 
calculation of the shear stress using the Turbulent Kinetic Energy Method (Stapleton & 
Huntley, 1995).  
The ADV was installed 50 cm upstream of the sediment bed, rather than directly 
above it. This was done to prevent obstruction of flow or generation of turbulence over 
the bed by the instrument itself, which may have impacted erosion. The calculated shear 
stresses represent the stress being applied to the ‘front’ of the roughened bed rather than 
the shear stresses produced by the bed itself. Given the short length of the bed, and the 
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large scale of the roughness, it is unlikely that shear generated by the bed would have 
impacted the bed itself. However, in the field, it is likely that increased shear stresses 
proportional to the roughness elements (estimated here using LIDAR measurement) 
would be felt downstream. Care was taken to ensure that the boundary between the false 
flume bottom and the mud bed was as level and smooth as possible to minimize 
disturbance due to the leading edge. 
The ADV data were tested for stationarity via the run test (Bendat & Piersol, 
1986). For the 32-measurement (or 1.28-second) window over which shear stresses were 
calculated, the velocity data were found to be stationary at the α = 0.05 level of 
significance for 70% of the time on average. To correct for any lack of stationarity, the 
data within each window were detrended before analysis. 
High-resolution video of each flume run was recorded at 60 frames per second 
and the initiation of motion of sediment particles was visually determined using frame by 
frame analysis. Velocity and shear stress at the determined threshold time were extracted 
from the flow data for several sediment particle types and configurations: 1) fine grains in 
suspension (‘fines’); 2) feeding, fecal, or excavation pellets approximately 1-5mm in 
diameter (‘flocs’); and 3) large sediment structures, such as tunnels and chimneys, built 
by crabs during burrowing (‘structures’).  
2.4 Suspended sediment 
Two optical backscatter (OBS) sensors were installed 4.5 cm above the false 
bottom, one 150 cm upstream and one 140 cm downstream of the sediment container, to 
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measure suspended sediment load. Both measured the suspended sediment load at 5 
second intervals; the average, minimum, and maximum of these measurements were 
recorded every 60 seconds. Suspended sediment was calculated as the difference between 
the average measurements recorded by the upstream and downstream sensors during each 
flume run. 
2.5 Sediment geotechnical properties 
After flume experiments were complete, sediment samples of a known volume 
were collected from each container for further analysis. Samples were dried to a constant 
weight to obtain bulk density and were heated at 550°C for 16 hours (standard loss on 
ignition) to obtain bulk organic content. Sediment shear strength was also measured as 
part of a subsequent experiment conducted in Fall 2014, in which sediment from the 
same source, with similar properties, was used. Shear strength measurements were 
collected using a handheld Seiken shear vane.  
2.6 Flow velocities in the field 
Maximum flow velocities in and around tidal creeks at a field site on Sapelo 
Island, GA were measured in order to confirm comparability to flow velocities achieved 
in the flume. At the end of the ebb, when flow velocities peak, there was insufficient 
water depth to cover the ADV transducers and the sampling volume (which is projected a 
few cm from the transducers). Due to these limitations, velocity measurements were 
instead collected via flow visualizations using neutrally buoyant tracers released at 
various locations in and around tidal creeks during afternoon ebb tides on November 14 – 
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16, 2014. A total of 127 videos were collected, of which 35 were found suitable for 
analysis. The others were not used for a variety of reasons, including: 1) very low flow 
velocities, which were not useful for determining maximum velocities, 2) very high flow 
velocities, which made tracking impossible, or 3) too few visible tracers for robust 
analysis. For each video, an average velocity was calculated based on three separate 
velocity estimates. 
 
3. Results 
3.1 Surface elevation and morphology 
 LIDAR measurements of surface elevation taken prior to erosion in the flume 
revealed significant morphological differences between the three treatment types (Fig 1-
2). In control containers, the sediment surface showed minimal variation, with an average 
standard deviation in surface elevation of only 6.1 ± 0.1 mm (Fig 1-3a), likely related to 
variability in the leveling process. The sediment surface remained largely undisturbed by 
U. pugnax burrowing, except for 1 – 4 chimneys built over burrow openings, giving U. 
pugnax treatments an average standard deviation of 8.1 ± 1.3 mm (Fig 1-3a). Chimneys 
were typically round, approximately 5 – 8 cm in diameter, and 4 – 7 cm in height. S. 
reticulatum built structures that were larger and more complex than those of U. pugnax, 
with an average standard deviation of 13.6 ± 0.8 mm for sediment burrowed by S. 
reticulatum (Fig 1-3a). In some cases, structures appeared to be aboveground tunnels 
connecting multiple burrow openings. Tunnels varied greatly in size and shape, averaging 
approximately 5 cm wide and up to 50 cm long. Average standard deviations differed 
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significantly between each treatment type at the 95% confidence level. Burrow structures 
increased the presence of raised surface elevations (Fig 1-3b) in addition to surface 
variability, to a greater extent in sediment burrowed by S. reticulatum than U. pugnax. 
3.2 Sediment erosion 
 Erosion within the flume caused an average loss of 0.30 ± 0.62 mm depth of 
sediment per m2 of surface area from control treatments (Fig 1-3c), with little alteration 
of the flat, uniform sediment surface (Fig 1-2). In contrast to the control treatments, 
bioturbation by crabs raised some portions of the sediment above the initially flat surface. 
Erosion occurred more frequently in those raised areas, causing notable changes in the 
surface topography. Three of the eight U. pugnax containers lost entire chimneys as they 
were eroded during flume runs. The remaining containers experienced erosion of small 
portions of chimneys as well as feeding or fecal pellets left on the surface. Despite these 
losses, U. pugnax treatments experienced, on average, removal of only 0.48 ± 0.88 
mm/m2 of sediment. Erosion of pellets and portions of structures was also observed in all 
of the S. reticulatum treatments, and in five out of the eight, tunnel-like structures were 
entirely or partially eroded in the flume, in some cases exposing sub-surface burrows. 
The removal of this material led to an average loss in sediment depth of 3.73 ± 1.91 
mm/m2 in S. reticulatum treatments. Average volume loss in S. reticulatum treatments 
was significantly greater than the averages for control and U. pugnax treatments at the 
90% confidence level. Post-flume cumulative frequency distributions confirm an overall 
decrease in surface elevation for each treatment type (Fig 1-3b); S. reticulatum treatments 
experienced the greatest reduction in surface elevation, followed by U. pugnax and then 
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control treatments. It should be noted that, due to the absence of vegetation and the high 
flow velocities achieved in the flume, erosion rates measured here likely represent high-
end estimates of those possible in the field. 
3.3 Threshold velocity and shear stress for erosion 
Video of each flume run was reviewed to determine the time of initiation of 
sediment motion, which was then matched to the flow velocity and shear stress occurring 
at that time (Fig 1-4). The video file for one of the U. pugnax treatments was corrupted 
and could not be viewed, leaving seven U. pugnax treatments for analysis. Several 
distinct types of ‘particles’ were differentiated during this process (Fig S2, Supporting 
Information), although erosion of each particle type was not observed in every container.  
The smallest of these particle types were individual grains of sediment suspended 
in the water, often occurring as a “plume” emanating from the mouth of a burrow. They 
were typically observed at the very beginning of the run, when the tank was full but flow 
velocities were minimal, and would not be visible at higher flow velocities, except when 
released by the removal of large burrow structures (discussed below). These particles 
were not present in any of the control treatments, and were visible in only one U. pugnax 
treatment, where they became suspended at a velocity of 0.02 m/s and a corresponding 
shear stress of 0.01 Pa. A fine grained plume emanating from burrow mouths was 
observed in seven of the eight S. reticulatum treatments; this occurred at an average 
velocity of 0.10 ± 0.04 m/s and a shear stress of 0.09 ± 0.07 Pa. 
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In addition, we identified what we refer to as ‘flocs’, or small aggregates of 
sediment 1 to 5 mm in diameter, each of which behaved as a single grain. In the U. 
pugnax and S. reticulatum treatments where they were observed, flocs were most likely 
feeding or fecal pellets produced by the crabs, or excavated sediment. In control 
treatments, erosion of similarly sized particles was also observed; these were likely 
formed through settling, desiccation, and compaction processes and as a result of the 
natural heterogeneity of the mud. Erosion threholds for flocs were similar for both crab 
species and lower than those observed in control treatments. However, there were no 
statistically significant differences between erosion thresholds for flocs produced by 
crabs and those present in control treatments, possibly due to the high level of variability 
in threshold values for flocs in control treatments. Flocs in the eight control treatments 
began to move at an average of 0.21 ± 0.07 m/s and a shear stress of 0.38 ± 0.24 Pa. 
Threshold velocities were reduced by half for flocs in burrowed treatments: 0.09 ± 0.02 
m/s and a shear stress of 0.05 ± 0.01 Pa for the seven U. pugnax treatments and 0.10 ± 
0.02 m/s and a shear stress of 0.06 ± 0.02 Pa for the eight S. reticulatum treatments.  
 Finally, in three of the U. pugnax and five of the S. reticulatum treatments, some 
aboveground burrow structures (chimneys and tunnels) were partially or completely 
dismantled. Threshold values were similar for both burrowed treatments, with an average 
velocity of 0.61 ± 0.05 m/s and shear stress of 1.87 ± 0.29 Pa for structures built by U. 
pugnax and 0.62 ± 0.04 m/s and shear stress of 1.90 ± 0.20 Pa for structures build by S. 
reticulatum. Erosion thresholds were significantly higher for structures than for other 
types of particles at the 90% confidence level. 
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3.4 Suspended sediment load 
The average increase in turbidity in S. reticulatum treatments was significantly 
higher than the averages for control and U. pugnax treatments at the 90% confidence 
level. For control runs, the average difference between turbidity measured downstream of 
each container and turbidity measured upstream was -0.60 ± 0.69 NTU. The average 
difference in turbidity was similar for U. pugnax treatments, measured at -0.21 ± 1.15 
NTU. The only sediment containers whose erosion in the flume led to a measurable 
increase in downstream turbidity were those burrowed by S. reticulatum, with an average 
difference of 2.72 ± 1.52 NTU between downstream and upstream turbidity (Fig 1-5). It 
should be noted that upstream turbidity, which should represent the “background” level 
of suspended sediment, was lowest in control treatments, higher in U. pugnax treatments, 
and highest in S. reticulatum treatments. 
3.5 Sediment geotechnical properties 
 Sediment geotechnical properties were, in most cases, similar for all three 
treatments (Table 1-1). Although every effort was made to prevent compaction during 
sample collection, a slight increase in bulk density within the S. reticulatum treatments 
may have been caused by compaction of sediment into the void spaces created by 
burrowing. The removal of vegetation for the purposes of the experiment had predictable 
effects on sediment properties. Bulk density was higher, and organic content lower, than 
measurements reported elsewhere for marsh sediment in areas burrowed by S. 
reticulatum (Wilson et al., 2012). The average bulk density for all treatments was 0.81 ± 
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0.13 g/cm3, compared to 0.08 ± 0.04 g/cm3 measured in the field. Average organic 
content was 7.0 ± 1.1%, compared to 24.9 ± 2.4% in the field. Despite these differences, 
shear strengths were similar, with an average of 7 ± 1 kPa in flume experiments and 5 ± 3 
kPa in a field setting. It should be noted that the shear strength measurements for the 
experiment were collected with a 2 cm vane. This produces an average strength 
measurement for those 2 cm over which pressure was applied. Therefore, small 
differences in surface stability (due to the presence of pellets and burrow structures) are 
unlikely to be captured by shear vane measurements. 
3.6 Flow velocities in the field 
Current speeds in and around tidal creeks observed in the field were relatively low 
throughout much of the ebb cycle, except at the end, when water depths were shallowest. 
During this brief period, higher flow velocities were observed in heavily burrowed areas 
directly adjacent to the heads of tidal creeks. Many of these burrowed areas were steeper 
in slope than the tidal creeks themselves or the surrounding marsh; this caused water 
draining from the marsh platform to be ‘funneled’ into tidal creeks, causing acceleration 
in flow velocities. At these locations, average current velocities of approximately 8-10 
cm/s were observed. The maximum measurable current speed was 39 cm/s. It should be 
noted that additional videos showed faster velocities, but in these cases the tracers were 
moving too quickly to accurately quantify the flow rate. 
 
  
19 
4. Discussion 
Our results show that S. reticulatum burrowing leads to significant increases in 
surface roughness, sediment erosion, and turbidity compared to both unburrowed 
sediment and sediment burrowed by U. pugnax. Moreover, flocs created by crabs are 
mobilized at lower velocities, and, consequently, shear stresses, than those occurring on 
the surface of unburrowed sediment. Although flocs and burrow structures produced by 
both crab species erode at similar velocities, it appears that burrowing by S. reticulatum 
produces a greater quantity of sediment available for erosion, causing a significant 
increase in the volume of sediment eroded at high velocities. Thus, the burrowing of 
these crustaceans impacts the erodibility of sediments, which has implications for marsh 
geomorphological processes and long-term evolution (Murray et al., 2002). These include 
the rapid incision of tidal creeks observed in marshes in the South Atlantic Bight (Hughes 
et al., 2009; Wilson et al., 2012) and the erosion, elevation loss, and retreat along 
extensively burrowed creek banks observed in New England (Bertness et al., 2009; Smith 
& Green, 2015). 
4.1 Effects on surface roughness 
The pellets and aboveground burrow structures produced by both crab species 
create an uneven surface compared to the nearly flat surface of unburrowed sediment (Fig 
1-2). S. reticulatum in particular create extensive and interconnected burrow networks, 
and the presence of these tunnels and aboveground structures dramatically increases 
surface roughness, to a much greater extent than the smaller, chimney-like burrow 
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openings created by U. pugnax. Increased surface roughness has been found to increase 
turbulence which, in turn, increases shear stress and erosion (Le Hir et al., 2007; Nowell 
et al., 1981). Nowell et al. (1981) demonstrated that animal tracks alone double the 
bottom roughness and decrease the critical entrainment velocity by 20%. In addition to 
animal tracks and pellets, both species in our study also produced elevated burrow 
structures which extend higher into the boundary layer, where higher current velocities 
would produce greater erosion. We found that, compared to bare mud, U. pugnax 
bioturbation increases the roughness, measured as standard deviation in surface elevation, 
by 34%, and S. reticulatum bioturbation increases roughness by 124%. The presence of 
pellets and excavated sediment loosened by burrowing halves the threshold velocity for 
erosion (Fig 1-4).  
4.2 Effects of crab bioturbation on sediment erodibility 
Crab activity in our experiments was found to produce several different particle 
types, including easily suspended mud grains, flocs or pellets, and aboveground burrow 
structures. The resuspension of fine-grained material during inundation, a phenomenon 
which has been noted elsewhere (Graf & Rosenberg, 1997; Le Hir et al., 2007), began at 
relatively low flow velocities (0.02 m/s for U. pugnax treatments, 0.1 m/s for S. 
reticulatum treatments). This may simply be due to recirculation of “wash load,” or 
sediment that remained in suspension in water remaining in burrows after the last period 
of inundation, or other bioturbated material left in burrows. Although efforts were made 
to remove crabs prior to placement in the flume during our experiments, in natural 
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environments it is also possible that crab burrowing is occurring during inundation, 
stirring up loose sediment grains (Wang et al., 2017).  
Small grain aggregates, including feeding pellets, fecal pellets, and excavated 
material used for burrow structures, were also observed in both U. pugnax and S. 
reticulatum treatments. These flocs were mobilized at approximately half the velocity of 
similarly sized flocs of unburrowed sediment. One possible explanation for this 
difference is that their density may have been lower than that of unburrowed mud due to 
increased water content, or a higher organic content due to a higher percentage of 
vegetative matter than is found in the surrounding sediment. Le Hir et al. (2007) noted 
that “faecal pellets are composed of mainly fine particles, and are very often ‘fluffy’, 
making their resuspension easier”. If this is the case, pelletization by crabs re-packages 
sediment into a more loosely-packed, easily eroded form. French and Spencer  (1993) 
refer to composite particles, such as feeding and fecal pellets, as ‘flocs’, which can range 
in size from a few grains up to several hundred millimeters. They note that composites up 
to 1 mm in diameter are readily transported by creek flows. Our field data, along with 
previous flow velocity measurements (Hughes et al., 2009), confirm that velocities of 10 
cm/s are regularly exceeded at the heads of tidal creeks during ebb tidal flows. These 
velocities are sufficient to erode pellets produced by crabs in our experiments, facilitating 
continuous erosion of these flocs. 
Removal of stabilizing microphytobenthos has also been shown to reduce the 
threshold for erosion of intertidal sediment (Widdows et al., 2000a,b). For the species in 
this study, microphytobenthos removal may occur either through consumption by deposit 
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feeders like U. pugnax or disruption by the high surface turnover caused by S. 
reticulatum burrowing. However, a thorough exploration of the effects of bioturbating 
crabs on the microphytobenthos population is beyond the scope of this study. 
In addition to smaller flocs, U. pugnax and S. reticulatum produce prominent 
burrow structures in the form of chimneys and tunnels, which are composed of material 
excavated from the subsurface. The building process repackages formerly compact 
sediment and places it above the surrounding surface, higher into the boundary layer. 
These structures can potentially provide a large amount of material available for erosion. 
In addition, the increased surface roughness from these raised structures increases 
turbulence downstream. The resulting turbulent bursts and sweeps enhance shear stress, 
and therefor erosion of sediment downstream of these structures. Data collected in the 
field suggest that the flow velocities of 60 cm/s or greater required to erode these 
structures may be achieved under day-to-day conditions near the heads of tidal creeks, 
and would almost certainly occur during high-flow events, such as storms, which are 
predicted to increase in frequency and intensity in the future due to climate change 
(Knutson et al., 2010; Webster et al., 2005). Experiments conducted by Mwamba and 
Torres (2002) and Voulgaris and Meyers (2004) support this theory; their results suggest 
that rainfall events do not erode the consolidated marsh substrate, but instead tend to 
mobilize recently deposited, non-consolidated sediment. In most areas of the marsh, this 
would only include sediment deposited within the past several tidal cycles; in heavily 
burrowed areas, however, this would also include pellets and burrow structures. 
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Studies have also demonstrated that the effects of burrow structures on sediment 
transport depend on both burrow morphology and habitat-dependent flow conditions. In 
terms of burrow morphology, funnel-shaped burrow openings have been found to cause 
increased sediment trapping (Botto et al., 2006; Escapa et al., 2008; Iribarne et al., 1997; 
Needham et al., 2013), leading to net deposition. As for flow conditions, burrows found 
on the salt marsh platform and on mudflats, where flow velocities are relatively low, tend 
to cause deposition through sediment trapping. In contrast, burrows promote sediment 
transport within tidal creek bottoms and tidal creek basins, where flow velocities are 
higher (up to 50 cm/s in one study), since under these conditions erosion of larger 
biogenic mounds is possible, exceeding entrapment of sediment within burrows (Escapa 
et al., 2008). Both U. pugnax and S. reticulatum create burrows with tubular, rather than 
funnel-shaped, openings, which may explain their lack of sediment trapping. However, 
although U. pugnax burrows are observed in approximately equal densities within 
different marsh habitats, S. reticulatum show a strong preference for areas directly 
adjacent to tidal creeks. Within this habitat, sediment removal likely exceeds burrow 
trapping, contributing to the increased effects of the S. reticulatum species on sediment 
erosion.  
4.3 Implications for salt marsh morphology 
Although the sediment composition and structure, particularly the absence of 
vegetation, and setup of the flume experiments differed in many ways from the 
conditions on a marsh, our results indicate that S. reticulatum burrowing facilitates 
greater erosion than is likely to occur in unburrowed sediment or sediment burrowed by 
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U. pugnax. Under the high flow conditions experienced within the flume, the presence of 
U. pugnax increases the volume of eroded material by 60%, but S. reticulatum increases 
that volume by 1132%. S. reticulatum burrowing facilitated the erosion of 3.7 mm of 
sediment per m2 of surface area on average, compared to only 0.3 mm/m2 and 0.5 mm/m2 
of erosion in control and U. pugnax treatments, respectively (Fig 1-3C). The erosion rates 
measured during the single high velocity flow event experienced in the flume are 
comparable to mean annual accretion rates on salt marshes along the east coast of the US, 
where high marsh accretes at an average of 2.5 mm/yr and low marsh accretes an average 
of 5.8 mm/yr (Argow, 2006). Our results suggest that erosion in areas that have 
experienced vegetation die-off due to heavy burrowing by S. reticulatum could be on the 
same order of magnitude as annual accretion, unlike areas that are largely unburrowed or 
only burrowed by U. pugnax. These findings help to explain how S. reticulatum, which is 
less common across the entire marsh than U. pugnax (Vu et al., 2017), causes enhanced 
erosion to be localized at creek banks and heads and facilitates the rapid incision of tidal 
creeks in some areas. By enhancing erosion rates where they burrow, S. reticulatum can 
contribute to the evolution of tidal creek morphology. Previous studies have found that 
the effects of burrowing infauna on sediment properties can have large-scale effects on 
salt marsh morphology (Escapa et al., 2015, 2007; Hughes et al., 2009; Paramor & 
Hughes, 2004; Smith & Green, 2015). Our findings support the hypothesis that S. 
reticulatum are contributing to changes in erosion patterns, leading to the headward 
expansion of straight, low-order tidal creeks in marshes in the Georgia Bight, US 
(Hughes et al., 2009; Vu et al., 2017). 
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There are a few possibilities for the ultimate destination of the sediment being 
eroded from heavily burrowed areas. The headward growth of tidal creeks into the 
burrowed sediment at some sites suggests that any potential infilling of burrows at these 
locations is minimal compared to sediment removal. In ebb-dominant systems, like the 
field site in Georgia and similar locations along the southeast Atlantic coast of the US, 
this eroded sediment may be exported to large mud flats within the main channel. It has 
also been suggested that at sites with headward eroding creeks, some of this sediment is 
redeposited in the revegetated area at the trailing edge of the creek heads (Vu et al., 
2017). Redeposition onto the marsh platform itself may also be a possibility, but this 
would be more likely to occur in flood-dominant systems. Though a more thorough 
exploration of the fate of this eroded sediment is beyond the scope of the current study, it 
is clear that resuspension caused by crab feeding and burrowing is re-distributing 
sediment in a less consolidated form and contributing to overall sediment re-circulation 
within the system. 
 
5. Conclusions 
Results from our study indicate that bioturbation by S. reticulatum, and to a lesser 
extent U. pugnax, increases surface roughness, which in turn increases turbulence. In 
addition, bioturbation by crabs loosens formerly compacted sediment and deposits it on 
the surface in the form of more easily eroded pellets and burrow structures. These two 
combined effects reduce the threshold velocity and shear stress required for sediment 
erosion and, in sediment heavily burrowed by S. reticulatum, significantly increase the 
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volume of sediment eroded under high flow conditions. With flow velocities on salt 
marshes regularly exceeding the 10 cm/s required to erode pellets produced by crabs, and 
with more frequent and intense storms associated with a warming climate, this will have 
a profound effect on erosion patterns in heavily burrowed areas, such as those at the 
heads of tidal creeks at sites in South Carolina and Georgia (Wilson et al., 2012) and 
along creek banks in Massachusetts (Bertness et al., 2009). Our experimental results 
suggest that in these heavily burrowed areas, sediment loss facilitated by S. reticulatum 
bioturbation may provide a mechanism for enhanced erosion, leading to the observed 
morphological changes. 
The experiments conducted for this study have verified the importance of S. 
reticulatum crabs in facilitating creek expansion, which is one of the potential ways in 
which marshes cope with rising sea level. Increased drainage density is required in a 
regime of enlarging tidal prism in order to efficiently drain the marsh surface and prevent 
water logging.  Due to enhanced erosion of roughened sediment, formation of new creeks 
and elongation of existing creeks can occur more rapidly in the presence of burrowing 
crabs, potentially increasing marsh sustainability in a regime of accelerating SLR. 
However, if dense populations of S. reticulatum are present over a large area, increased 
vulnerability to erosion may cause extensive losses in marsh area and negatively impact 
the health of the marsh. The next step in this work is to quantify erosion during exposure 
to low flow velocities for a longer period of time, mimicking conditions experienced on a 
marsh during an average ebbing tide. Additional studies examining the effects of crab 
population density, vegetation rooting, aboveground biomass, and duration of exposure to 
  
27 
elevated flow velocities will help to further elucidate the relationship between S. 
reticulatum burrowing and erosion patterns. 
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Figures 
 
Figure 1-1. Experimental setup. a. Schematic diagram of flume tank setup (9.1m length x 0.3m width x 0.9m 
height; not to scale), showing instrumentation height above the tank bottom. b. Container burrowed by S. 
reticulatum prior to erosion experimentation. c. Flume tank with false bottom positioned to sit in-line with top of 
sediment container. 
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Figure 1-2. LIDAR data showing morphological differences between controls, sediment burrowed by U. pugnax, 
and sediment burrowed by S. reticulatum. 
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Figure 1-3. Results of analysis of LIDAR data for each treatment type. a. Surface variability, expressed in terms 
of the average standard deviation in measured sediment surface elevation for each of the three treatment types. 
Average standard deviations differed significantly between each treatment type [F(5, 16.91) = 40.96, p < 0.05]. 
Here and elsewhere, error bars show standard error and different letters indicate groups which differ 
significantly. b. Cumulative frequency curves of sediment surface elevations. Raised surface elevations are more 
common in sediment burrowed by S. reticulatum than in sediment burrowed by U. pugnax, or in unburrowed 
sediment. c. Average volume of sediment lost to erosion in the flume for each treatment. Sediment volumes 
eroded during the flume experiments are given in terms of sediment depth per unit surface area in order to 
facilitate comparison with field measurements of erosion or accretion rates reported in the literature. Average 
volume loss in S. reticulatum treatments was significantly greater than the averages for control and U. pugnax 
treatments [F(2, 11.35) = 4.2, p < 0.1]. 
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Figure 1-4. Erosion thresholds, indicating average velocity (a) and shear strength (b) at which each particle type 
was mobilized. Erosion thresholds were significantly higher for structures than for other types of particles [F(5, 
11.00) = 42.649, p < 0.1 for velocities; F(5, 10.31) = 19.38, p < 0.1 for shear strengths]. Note that for control 
treatments, no burrow structures were present, and erosion of fines was not observed.  
 
Figure 1-5. Average increase in suspended sediment between upstream and downstream of sediment containers 
for each treatment type, shown in nephelometric turbidity units (NTU). The average increase in turbidity in S. 
reticulatum treatments was significantly higher than the averages for control and U. pugnax treatments [F(2, 
25.90) = 6.97, p < 0.1]. 
Tables 
  Control U. pugnax S. reticulatum 
Bulk Density (g/cm3) 0.73 ± 0.13 0.78 ± 0.11 0.92 ± 0.08 
Organic Content (% by weight) 7.55 ± 0.51 7.26 ± 1.58 6.25 ± 0.44 
Shear Strength (kPa) 6.41 ± 0.91 6.76 ± 1.24 7.23 ± 1.06 
Table 1-1. Average geotechnical properties for each treatment type. 
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Chapter 2: Impacts of crab bioturbation on marsh sediment properties and tidal 
creek incision 
Abstract 
 There are a number of possible responses in salt marsh morphology to accelerated 
sea-level rise, including the buildup of elevation through enhanced accretion, areal losses 
due to vegetation die-off and submergence, and drainage network expansion via 
headward growth of tidal creeks. In the wetlands of Cape Romain, SC, intense 
bioturbation by the common marsh crab Sesarma reticulatum near creek heads has been 
found to facilitate sediment erosion and rapid creek growth. We examine data collected at 
Sapelo Island, GA, where creek growth facilitated by biological feedbacks is observed, 
similar to that in Cape Romain, but under different background conditions. We use 
sediment cores, precise elevation measurements, and historical imagery to compare 
substrate properties, elevation within the tidal frame, creek growth rates, and channel 
morphology at both sites. Our results show that the greater tidal range and higher 
elevation of the marsh at Sapelo Island, relative to mean sea level and mean high water, 
leads to shallower and shorter tidal inundation. Substrates experiencing shorter 
inundation have lower water content, leading to greater shear strength, as is the case at 
Sapelo Island compared to Cape Romain. In addition, a greater difference in elevation 
between the marsh platform and beds of tidal creeks was measured at Sapelo Island 
compared to Cape Romain, indicating that a greater volume of sediment must be eroded 
there in order for creeks to extend headward. These combined elevation-related effects 
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have led to a slower growth rate of tidal creeks at Sapelo Island over the past several 
decades of sea-level rise (1.4 m/yr, compared to 1.9 m/yr at Cape Romain). 
 
1. Introduction 
 Salt marshes are economically and ecologically valuable systems, but their 
existence is currently threatened by sea-level rise (SLR). To prevent drowning and 
conversion to unvegetated mudflats, marshes must build in elevation, or accrete, at a rate 
similar to the rate of relative sea-level rise (RSLR) at their location (Redfield, 1965), but 
many salt marshes worldwide are already experiencing accretion rates lower than local 
rate of SLR (Crosby et al., 2016). Rising water levels are widely accepted as causing 
marsh loss due to hypoxia (Mendelssohn and McKee, 1988),  submergence (Reed, 2002), 
and coastal squeeze (Torio and Chmura, 2013). 
 However, the increases in tidal prism and hydroperiod due to SLR have also been 
proposed as driving tidal creek formation and extension. These processes have been 
observed in multiple locations, including the Dyfi estuary (Shi et al., 1995), northern 
Australia (Knighton et al., 1991), the Bahamas (Rankey and Morgan, 2002), and the 
South Atlantic coast of the US (Hughes et al., 2009), and demonstrated in numerical 
models (D’Alpaos et al., 2006, 2005; Fagherazzi et al., 2012; Rinaldo et al., 1999) and 
laboratory experiments (Stefanon et al., 2012). Tidal creek extension through headward 
erosion occurs due to a positive feedback mechanism whereby draining flow is 
concentrated into topographically low areas, increasing bed shear stress and erosion. This 
concentrated flow causes a deepening of the topographic low and the eventual formation 
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of a channel (Chapman, 1960; Coco et al., 2013; Pethick, 1969; Symonds and Collins, 
2007; Whitehouse et al., 2000).  
 Increased drainage density through expansion of the tidal creek network may be a 
response to SLR that allows the marsh to drain more efficiently. When the rate of SLR is 
greater than a marsh’s vertical accretion rate, the marsh will be subjected to increasingly 
longer periods of flooding and deeper inundation over the same tidal cycle. Drainage 
density has been found to increase with mean depth of tidal inundation (Novakowski et 
al., 2004) and tidal prism (Friedrichs and Perry, 2001). A larger drainage network may 
facilitate temporary marsh survival as sea level rises, by allowing for the increase in 
sediment deposition from the water column that comes with increased inundation depth 
(Kirwan and Temmerman, 2009; Morris et al., 2002) but preventing waterlogging 
through increased drainage efficiency, reducing the length of time that the marsh is 
inundated.  
 Feedbacks among bioturbation, sediment properties, and salt marsh topography 
have been found to facilitating creek extension in some locations. Studies of creek 
formation in South America found that crab burrowing changed the physical properties of 
the sediment and created dead vegetation patches (Escapa et al., 2007). These eventually 
collapsed to form topographically low areas on the marsh surface, which developed into 
salt pans (Escapa et al., 2015) or tidal creeks (Perillo et al., 2005; Perillo and Iribarne, 
2003). 
 The effects of crab burrowing on marsh sediment and vegetation vary by species. 
Improved soil drainage and oxygen exchange due to moderate burrowing by the fiddler 
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crab Uca pugnax has proven beneficial to productivity of the marsh cordgrass Spartina 
alterniflora (Bertness, 1985; Montague, 1982). In contrast, extensive burrowing and 
herbivory by the purple marsh crab Sesarma reticulatum has been connected to 
widespread vegetation die-off along creek banks in Cape Cod salt marshes (Holdredge et 
al., 2009), leaving them more vulnerable to erosion (Coverdale et al., 2012). A similar 
condition has been observed in the South Atlantic Bight. Zones of vegetation die-off 
concentrated near creek heads in Cape Romain, SC coincide with a dense network of 
interconnected burrows (>800/m2) dug by S. reticulatum (Hughes et al., 2009).  
 Extensive bioturbation by S. reticulatum is causing die-off through a combination 
of biochemical and physical alterations to the substrate. Aeration due to S. reticulatum 
burrowing facilitates increased aerobic decomposition of organic matter (Wilson et al., 
2012), and burrow excavation causes physical destruction of Spartina alterniflora roots 
(Vu et al., 2017). In addition, the creation of aboveground burrow structures and 
pelletization of the sediment facilitates sediment removal by repackaging sediment into 
more easily eroded aggregates of grains (Farron et al., submitted; Fernandes et al., 2006; 
Grabowski et al., 2011; Widdows et al., 2009). The reduction in sediment cohesiveness 
caused by removal of vegetation and excavation of formerly compacted sediment in turn 
reduces the critical erosion threshold (Blanchard et al., 1997; Le Hir et al., 2007).  
 The removal of vegetation and subsequent erosion lead to the formation of a 
topographic depression, which focuses and accelerates tidal flow, facilitating creek 
growth via headward erosion. At Cape Romain, this has led to the formation and rapid 
expansion of tidal creeks demonstrating a unique morphology, with straight channels and 
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bare patches at their heads. The formation and rapid growth of straight, low-order, 
headward eroding creeks is typical of marsh at an early developmental stage or those 
undergoing sea-level rise (Allen, 2000; French, 1993). As marshes mature and approach 
equilibrium, creek channels become increasingly sinuous (Pethick, 1969), and their 
position stabilizes, with little lateral migration or headward erosion (Allen, 2000; Coco et 
al., 2013; Friedrichs and Perry, 2001). 
 The potential for rapid creek growth facilitated by S. reticulatum bioturbation is 
not limited to Cape Romain. S. reticulatum inhabit marshes all along the east coast of the 
US, from Cape Cod, MA to the Gulf of Mexico (Abele, 1992). Tidal creeks with a similar 
morphology are present in many coastal marshes from South Carolina to Florida, and 
similar processes to those observed at Cape Romain are occurring in the marsh at Sapelo 
Island, GA, 250 km southwest of Cape Romain (Fig 2-1A, B, and C). The negative 
effects of extensive burrowing on vegetation are compounded by the increased frequency 
and duration of inundation caused by SLR (Szura et al., 2017), and the rapid growth of 
tidal creeks observed at Cape Romain and Sapelo Island are likely linked to accelerated 
rates of relative sea-level rise (RSLR) at these locations (Hughes et al., 2009). 
Charleston, SC, ~60 km southwest of Cape Romain, is experiencing RSLR at a rate of 
3.27 mm/yr; Fort Pulaski, GA, ~75 km northeast of Sapelo Island, has a similar rate of 
3.25 mm/yr (Fig 2-2) (data obtained from https://tidesandcurrents.noaa.gov/sltrends/). 
The precise rates of RSLR at Cape Romain and Sapelo Island may differ slightly from 
nearby locations, but they are expected to have a similar trend and magnitude.  
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 Despite their similarities, background conditions for these two marshes differ in 
terms of elevation and tidal range, which may affect sediment stability (Pestrong, 1972; 
Watts et al., 2003), vegetation production (Morris et al., 2002), geomorphic evolution 
(Kirwan and Temmerman, 2009), and resilience to sea-level rise (Kirwan and 
Guntenspergen, 2010). The need for parallel studies of common processes occurring at 
different sites with different background conditions has been noted elsewhere (Alberti et 
al., 2015). This type of comparison enables clearer evaluation of the impacts of various 
forcings, allowing for their parameterization and incorporation into numerical models of 
salt marsh function and evolution.  
 This study compares the geotechnical properties and geomorphic evolution of 
tidal creeks at Sapelo Island, GA and Cape Romain, SC in order to establish the primary 
factors controlling the feedbacks between S. reticulatum bioturbation, sediment erosion, 
and creek extension. Due to the presence of S. reticulatum in marshes all along the east 
coast of the US, this process may be influential in marsh response to sea-level rise in 
other locations. GIS analysis of historical aerial photos was used to assess the growth 
rates and channel sinuosity of tidal creeks at each location. Geotechnical analysis of 
sediment cores and precise elevation measurements from each location were used to 
evaluate the influence of site-specific conditions on creek growth and morphology. 
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2. Methodology 
2.1 Sediment geotechnical properties 
 To determine whether areas adjacent to tidal creeks differed substantially from the 
marsh platform, sediment cores were collected from the marsh at Sapelo Island, GA. 
These were analyzed for bulk density, organic content, and belowground biomass. In 
order to explore geographic variation, the results were compared to similar measurements 
previously collected from Cape Romain, SC (Wilson et al., 2012). Thirty-two cores were 
collected in June 2012, thirty-two in May 2013, and twenty-four in October 2013. To 
account for seasonal variation in biomass productivity, only the May 2013 cores were 
used for comparison to the Cape Romain measurements, collected in May 2010. Seasonal 
variation and variability over time were assessed at Sapelo Island using the cores from all 
dates. 
 Half-cylinder gouge auger cores (8 cm diameter, 60 cm depth) were collected 
along 8 transects across creek heads in June 2012 and May 2013, and 6 transects in 
October 2013. Each transect sampled four zones: (1) marsh platform near the tidal creek 
inhabited by healthy S. alterniflora (hereafter referred to as the ‘live’ zone), (2) the 
heavily burrowed region of dead vegetation adjacent to the creek head (the ‘dieback’ 
zone), (3) the collapsed mudflat, devoid of vegetation, at the creek head, and (4) the zone 
directly down current from the creek head which has been recolonized by tall-form S. 
alterniflora (the ‘revegetated’ zone) (Fig 2-1D and 2-1E). The upper 50 cm of each core 
was subdivided into 10 cm increments, with the upper 10 cm divided into two 5 cm 
increments. 
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 Samples were kept refrigerated immediately after collection and at all times 
thereafter to minimize biomass degradation. To obtain bulk density, each sub-sample was 
dried at 60° C to a constant weight and compared to the original known volume. To 
obtain belowground biomass content (predominantly S. alterniflora roots and rhizomes), 
samples were washed through a 500-micron sieve to remove mud and other inorganic 
particles. Large shells or other non-vegetative material were removed by hand, and the 
remaining organic material trapped in the sieve was then collected, dried, and weighed. 
Bulk inorganic content of the sediment was determined by homogenizing the sample and 
performing standard loss on ignition (550°C for 16 hours) (Craft et al., 1991). 
 Shear strength measurements were collected in situ simultaneously with the 
coring, using a handheld Seiken shear vane with a maximum reading of 50 cN m. 
Measurements were collected at 10 cm intervals directly adjacent to each core location 
using a 3 cm vane head inserted vertically into the marsh substrate. This provided shear 
strength readings along the horizontal x-y axis. Shear strength measurements have been 
found to positively correlate with sediment erosion thresholds in saltmarsh soils and those 
with a dominant clay-water matrix (Chen et al., 2012; Jacobs et al., 2011). 
2.2 Elevation 
 Elevation at each core location was surveyed using a Real Time Kinematic (RTK) 
GPS receiver, with vertical accuracy of ± 2 cm. These measurements provided a means of 
determining marsh platform elevation relative to mean sea level (MSL), and allowed the 
determination of elevation loss in heavily burrowed creek head areas and surface 
elevation recovery in the revegetated zone once the creek head translated farther into the 
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marsh interior. Elevation data collected with the RTK were corrected to MSL at each 
location, using data from nearby tidal benchmarks 8677406 (Brunswick, GA) and 
8662245 (Oyster Landing, SC). 
 
2.3 Creek tracking 
 Historical aerial photographs of Sapelo Island, GA taken in 1945, 1976, 1984, 
1992, 2003, and 2010 were used to evaluate the development of tidal creeks over time. 30 
creeks were digitized and tracked over the study period, providing the rate of channel 
incision. Changes in shoreline position, caused by erosion or differences in tide level, 
were accounted for by mapping each channel from a common position near the channel 
mouth. In this way, measured changes in length over time were only a result of headward 
growth. Creeks were also analyzed for sinuosity, measured as the ratio of the channel 
length over the straight-line distance from mouth to head. Drainage density, or total 
channel length over marsh area, was also measured in 1976 and 2010 to allow 
comparison to drainage densities in Cape Romain, SC from 1968 and 2006, previously 
reported in Wilson et al. (2012). 
 Imagery for the study site was obtained from the Sapelo Island LTER and the 
Georgia GIS Clearinghouse, and ortho-rectified to facilitate tracking of each creek from 
year to year. Images were ortho-rectified and creek channels digitized using ArcGIS 
software; subsequent analysis of channel length and sinuosity was performed using 
MATLAB software. These measurements were then compared to previously measured 
patterns of creek development at Cape Romain, SC based on aerial photographs taken in 
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1968, 1974, 1982, 1987, 1990, 1992, 1999, 2003, and 2006 and reported in Hughes et al. 
(2009). 100 creeks at Cape Romain were measured, though not all creeks were measured 
in all years (N=25 to 61 for each year). Differences in creek growth rate and sinuosity 
between the sites were assessed using a two-sample t-test to determine whether the means 
differed significantly at the 5% significance level. 
 
3. Results 
3.1 Sediment geotechnical properties 
 Although sediment cores were collected and analyzed to 50 cm depth (Fig 2-3), 
comparisons between zones, locations, and seasons will focus on the surface sediment 
(upper 0-10 cm), where the most variability was recorded. Below 10 cm, zonal variations 
in sediment properties typically returned to a common background level, indicating that 
heterogeneities in the underlying sediment were unlikely to be playing a substantial role 
in creek formation. Error is reported throughout as plus or minus one standard deviation, 
unless otherwise noted. Average values for the upper 10 cm of each zone at each location 
(Fig 2-4 and Table 2-1) were compared via Welch’s ANOVA to test the null hypothesis 
of no difference between populations, followed by a post-hoc Games-Howell test to 
determine which populations differed significantly. The results of these statistical 
analyses are reported in Tables 2-2 and 2-3; all differences between zones or locations 
discussed below were found to be significant. 
 At Sapelo Island, bulk density in the dieback zone is 0.11 g/cm3, approximately 
30% lower than in all other zones at this location (0.15-0.16 g/cm3). The loss of bulk 
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density in the dieback zone is primarily due to void space created by extensive 
burrowing. Closer to the creek head, the substrate becomes unstable due to the removal of 
vegetation, burrows collapse, and bulk densities increase, eventually returning to 
background levels in the revegetated zone (Fig 2-4). Inorganic content in the dieback 
(78% inorganic), creek head (81%), and revegetated (80%) zones is approximately 13% 
higher than in the live zone (71%). A higher proportion of inorganic sediment within the 
creek head-adjacent zones reflects the loss in biomass due to burrowing and vegetation 
die-off.  
 Biomass was measured in terms of grams dry weight in the upper 10 cm of each 8 
cm-diameter core, a 503 cm3 volume. Biomass is predictably highest in the live marsh 
zone (6.92 g) due to the presence of healthy S. alterniflora. A 69% loss in biomass 
(reduced to 2.14 g) occurs in the heavily burrowed dieback zone compared to the marsh 
platform due to destruction of the root system and vegetation die-off, with an almost 
complete loss (95%) of biomass in the mudflat at the creek head (0.32 g). Even in the 
revegetated zone, belowground biomass remains minimal (88% less than the marsh 
platform, or 0.86 g), indicating that the root system has not been fully reestablished 
despite the presence of aboveground vegetation. 
 As with biomass, there is a significant reduction in shear strength moving from 
the live marsh platform (31 kPa), into the dieback (14 kPa, 56% lower), creek head (8 
kPa, 75% lower), and revegetated zones (12 kPa, 63% lower), with the lowest shear 
strengths on the mudflat where the incipient channel is developing and growing. Shear 
strength in the revegetated zone has yet to fully recover to the same level as the marsh 
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platform, despite the fact that the creek head has advanced and vegetation has recolonized 
the formerly bare area. Note that overall shear strengths in the live and dieback zones 
may be greater than the values shown in Table 2-1. In some cases, shear strength in these 
zones exceeded the measuring capacity of the instrument. This is often the result of 
binding by individual roots. Core locations where this occurred were assigned the 
maximum shear strength measureable by the instrument. Averages excluding these 
maximum values are of a similar magnitude to those shown in Table 2-1. 
 Little seasonal variation was observed in any of the sediment properties at the GA 
location (Fig 2-5). Predictably, a slight increase in belowground biomass occurred during 
the growing season (June 2012 and October 2013 cores). In general, core locations 
shifted between sampling dates due to the migration of creek heads, making assessment 
of any changes over time at a single location difficult. However, in six cases, cores that 
had been positioned within the live zone in June 2012 were co-located with cores 
collected from the dieback zone in October 2013. Sediment properties at these locations, 
which had transitioned from live to dieback conditions over the course of 16 months, 
displayed similar patterns to those observed along the transects from live to dieback, 
including a 39% loss in bulk density, 9% increase in inorganic content, 47% loss in 
belowground biomass, and 13% loss in shear strength. 
 Compared to previously reported geotechnical data from South Carolina (Fig 2-
4), bulk density and inorganic content were similar in most zones, with no significant 
differences between the two locations. Belowground biomass in GA was visibly lower in 
all zones than belowground biomass in SC, though the only statistically significant 
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difference between the two sites occurred in the revegetated zone. The GA location did 
experience a greater decrease in biomass in the dieback and creek head zones, with little 
recovery in the revegetated zone despite recolonization by S. alterniflora. In addition, 
shear strengths were significantly higher in all zones in GA compared to their 
corresponding zones in SC (7 kPa, 5 kPa, 2 kPa, and 3 kPa, in the live, dieback, creek 
head, and revegetated zones, respectively). 
 Linear regression analysis was performed to determine the relationship between 
shear strength and bulk density, inorganic content, and belowground biomass at each 
location. Separate regressions were performed using measurements from the upper 10 cm 
of each individual core (Fig 2-6A) and using the average values (shown in Table 2-1) for 
each property within the surficial sediment of each zone (Fig 2-6B); trends were similar 
in both cases. No relationship was observed between bulk density and shear strength at 
either site. A significant correlation between inorganic content and shear strength was 
observed in GA (r2=0.48, p<0.001 for individual cores, r2=0.99, p=0.004 for zone 
averages). This relationship was less robust in SC (r2=0.12, p=0.19 for individual cores, 
r2=0.66, p=0.18 for zone averages), though this may be partly a result of fewer data 
points from that location. The relationship between belowground biomass in the surface 
sediment and shear strength was strongest at both sites (r2=0.71, p<0.001 for individual 
cores, r2=0.99, p=0.004 for zone averages in GA and r2=0.38, p=0.01 for individual cores, 
r2=0.80, p=0.10 for zone averages in SC), suggesting that, of the properties measured, 
loss of biomass is the largest contributor to the loss in sediment stability at creek heads at 
these locations. 
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3.2 Elevation 
 Both locations experienced a loss in elevation between the live marsh platform 
and the dieback region, followed by a further descent into the creek head mudflat, then a 
slight recovery in elevation within the revegetated zone. Average elevations for each 
zone at each location were compared via Welch’s ANOVA to test the null hypothesis of 
no difference between populations, followed by a post-hoc Games-Howell test to 
determine which populations differed significantly. The results of these statistical 
analyses are reported in Table 2-4. Both locations experienced a significant loss in 
elevation between the live and the creek head zones, but the difference in elevation 
between these zones was greater in GA (0.26 m) than in SC (0.12 m). (Fig 2-7). Greater 
tidal range is associated with both higher marsh elevation (Coco et al., 2013; Friedrichs 
and Perry, 2001) and a greater range in elevation over which S. alterniflora can grow 
(McKee and Patrick, 1988). Due to Georgia’s larger tidal range (2.2 m, compared to 1.4 
m in SC), the marsh in GA is approximately 0.65 m higher in elevation above MSL than 
the marsh in SC. In addition, the live marsh in GA is positioned higher within the tidal 
frame: 0.25 m below mean high water (MHW), compared to 0.5 m below MHW for the 
live marsh in SC. 
3.3 Creek growth and morphology 
 Analysis of historical changes in channel length revealed that growth rates for 
tidal creeks at Sapelo Island have varied over time, ranging from 0.9 m/yr to 1.6 m/yr 
(Fig 2-8). The overall average growth rate for 1945-2010 was 1.4 ± 0.4 m/yr (n=30 
creeks). This average growth rate was significantly slower [t (129)=-3.21, p = 0.0017] 
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than that of tidal creeks in Cape Romain, SC, which grew at an average rate of 1.9 ± 1.0 
m/yr (n=100 creeks) between 1968 and 2006, varying from 1.5 m/yr to 3.2 m/yr. Some of 
the variability over time may be linked to the effects annual variations in precipitation 
(Fig 2-9) or major hurricanes (Table 2-5). In particular, Hurricane Hugo, a category 4 
hurricane which struck South Carolina in September of 1989, coincided with a period of 
more rapid creek growth in South Carolina. 
 In 2010, tidal creeks at Sapelo Island had an average sinuosity of 1.12 ± 0.07 
(n=30 creeks), slightly lower but not significantly different [t (126)=-1.86, p = 0.07] than 
that of creeks at Cape Romain, which have an average sinuosity of 1.20 ± 0.19 (n=97 
creeks). Creek sinuosity has remained largely unchanged over the time period being 
evaluated. Drainage density in GA in 1976 was 3.68 km-1; density increased over the 
following 34 year to 4.95 km-1 in 2010. These drainage densities are lower than those 
measured in SC for 1968 and 2006 (6.49 km-1 and 7.99 km-1, respectively), likely due to 
the greater tidal prism at the lower elevation site in SC (Friedrichs and Perry, 2001; 
Novakowski et al., 2004). 
 
4. Discussion 
4.1 Sediment properties 
 A thorough presentation and interpretation of the physical and chemical properties 
of the marsh substrate adjacent to creek heads in Cape Romain, SC, and their 
implications for the effects of S. reticulatum burrowing, can be found in Wilson et al. 
(2012), and as such will not be discussed in-depth here. This analysis will focus on the 
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patterns and differences in sediment properties between the study sites in GA and SC. 
Belowground biomass and shear strength show the greatest differences between these 
sites; these differences may be due to the higher elevation of the GA site.  
 Shear strength in the live zone is much higher at Sapelo Island, GA than at Cape 
Romain, SC, and despite low levels of biomass in dieback, creek head, and revegetated 
zones in GA, shear strengths in these zones remain significantly higher than those in SC. 
The marsh in GA has a larger tidal range and is higher in elevation relative to MHW than 
the marsh in SC (Fig 2-7). As a result, over the course of an average tidal cycle the marsh 
in GA is flooded for a shorter period and at a shallower depth than the marsh in SC. 
When the marsh surface is exposed to air and sunlight for longer periods of time in 
between periods of flooding, it experiences greater drying and consolidation of the 
sediment. Sediment that experiences less flooding has a lower water content and, as a 
result, a higher shear strength (Pestrong, 1972; Watts et al., 2003). This pattern would 
explain the higher shear strength at the higher elevation site in GA. 
 The other main difference between these sites, the lower levels of belowground 
biomass in GA compared to SC, can also be explained by differences in elevation, and 
therefore inundation, between the two sites. Spartina alterniflora primary productivity is 
highest at an intermediate level of flooding (Morris et al., 2002). Shorter and less 
frequent inundation can lead to greater evapotranspiration, reducing growth by increasing 
salinity (Phleger, 1971). Prolonged inundation can limit oxygen exchange with the 
substrate, reducing growth due to hypoxia (Mendelssohn and McKee, 1988). This means 
that below the upper threshold where increasing inundation becomes detrimental, 
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increasing depth below MHW can lead to increased primary productivity for S. 
alterniflora (Morris et al., 2002). The optimum depth below MHW for primary 
productivity will vary based on site-specific conditions, but was found to be between 40 
and 60 cm below mean high water at a typical transgressing, southeastern salt marsh. 
Given this theoretical optimum, the greater depth of the SC site below MHW (~ 50 cm, 
compared to ~ 25 cm below MHW in GA) would explain greater belowground biomass 
production there. A more robust root system would also allow for greater S. alterniflora 
survival in creek head areas, as this species spreads via the lateral outgrowth of rhizomes 
(Redfield, 1972). Healthier plants nearby would aid in the maintenance of vegetation in 
creek heads. This may also explain the greater recovery of belowground biomass levels in 
the revegetated zone in SC compared to GA. 
 These differences in shear strength and biomass productivity must be reconciled 
with the similar levels of bulk density and inorganic content at the two locations. Organic 
matter in marsh substrate has a lower bulk density than the inorganic sediment (Morris et 
al., 2016). All else being equal, the greater consolidation and lower levels of 
belowground biomass in GA should then be accompanied by higher bulk density and 
higher inorganic content. Yet both are only slightly higher in the dieback and creek head 
zones compared to SC. One possible explanation for this difference could be greater 
burrow density, throughout all zones, in GA. S. reticulatum preferentially burrow in 
firmer substrate, as it provides a more stable structure for their extensive and 
interconnected network of burrows (Bertness et al., 2009). With higher water content and 
less cohesive sediment in SC, burrows there would be more likely to collapse. The 
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greater void space created by more burrows would reduce the bulk density in GA, 
potentially to levels similar to those in SC. The increased void space and removal of 
sediment through excavation and burrowing would also reduce the relative proportion of 
inorganic material in the substrate. So, while the quantity of biomass (in grams) may be 
higher in SC, the ratio of inorganic to organic content is similar. 
4.2 Effects of sediment properties and elevation on creek growth 
 Wilson et al. (2012) suggested that site-specific controls on hydrodynamic 
forcing, including tidal range, relative sea-level rise, and vegetation, are likely controlling 
factors for the rates of extension in a particular location. This appears to be the case with 
our study sites, where differences in elevation in particular appear to affect several other 
factors which ultimately influence creek growth rate (Fig 2-10). As discussed in the 
previous section, shear strengths are higher in GA. In order for creek growth via 
headward erosion to occur, a critical shear stress must be exceeded; the greater the excess 
stress, the greater the rate of headward extension (D’Alpaos et al., 2005; Fagherazzi and 
Sun, 2004). The more resistant substrate of the GA location compared to SC could 
account for the slower growth rate for GA tidal creeks, as greater flow velocities, and 
therefore greater shear stress, would be required to exceed the critical shear stress and 
erode the sediment. 
 In addition to greater shear strength, the larger tidal range and higher elevation of 
the marsh platform in GA leads to greater relief between the live marsh zone and base of 
the tidal creek (26 cm in GA, compared to only 12 cm in SC). This larger difference in 
elevation between live platform and creek head means that a larger volume of sediment 
  
50 
will need to be removed in GA in order to produce a comparable rate of creek incision to 
SC. Creek head dimensions vary at both sites, but if a hypothetical creek head die-off 
area with a width of 20 m and a length of 5 m between creek head and the edge of the 
live platform were to erode 5 m into the marsh, it would require the removal of ~13 m3 of 
sediment in GA, but only ~6 m3 of sediment in SC. This larger volume of sediment will 
take longer to remove, further slowing creek growth in GA. 
 The greater relief of the GA creek heads will also lead to greater flow velocities 
as water is funneled into tidal creeks over a steeper gradient. Maximum flow velocities of 
~10 cm/s have been measured in the creek heads in SC (Hughes et al., 2009), whereas 
maximum flow velocities of ~40 cm/s have been recorded in creek heads in GA (Farron 
et al., submitted), though in both cases it was noted that velocities may be greater at the 
end of ebb when water depths are shallowest. This increased erosion potential could 
partially compensate for the more resistant substrate and larger volume of sediment to 
erode in GA, making creek erosion rates comparable to those in SC, if slower. Due to the 
ebb dominance of the system, eroded sediment at both locations is likely removed from 
the creek head area and transported downstream via the creek channel. 
4.3 Creek development and morphology 
 The formation and headward growth of tidal creeks has been studied in numerical 
models of tidal network development, in which headward creek growth is related to 
elevation gradients, substrate shear strength, and substrate heterogeneities (D’Alpaos et 
al., 2005; Fagherazzi and Sun, 2004; Rinaldo et al., 1999). Burrowing near creek heads 
alters each of these factors. The removal of vegetation, and eventual collapse into an 
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unvegetated mudflat, creates a topographically low area, focusing tidal flows near creek 
heads (Wilson et al., 2012). Vegetation removal and sediment re-packaging into burrow 
structures and pellets lowers the critical shear stress for erosion (Blanchard et al., 1997; 
Le Hir et al., 2007), allowing more rapid headward growth than would be possible in 
unburrowed portions of the marsh. Vegetation removal also reduces substrate 
heterogeneities, which may be linked to lower sinuosity. Tidal creek sinuosity tends to be 
higher in vegetated marsh compared to unvegetated mudflat (Pestrong, 1972), and higher 
in dense vegetation than in sparse vegetation (Garofalo, 1980). The low sinuosity of the 
creeks at these sites may then be a result of vegetation removal. 
 Straight channels and rapid expansion are considered to be indicative of 
immaturity in tidal creeks (Allen, 2000). Creeks tend to be straight during early periods 
of rapid growth, becoming more sinuous, developing more branches, and growing more 
slowly, or even experiencing infilling and abandonment, as they age (Pethick, 1969). 
Short, low-order creeks branching directly off of major channels at both locations would 
have begun forming as recently as the early 1940s in response to a period of accelerated 
RSLR from 1940 to 1947 (Fig 2-2) (Hughes et al., 2009), indicating that their rapid 
growth and low sinuosity are indeed the result of immaturity. However, longer creeks, 
particularly at the GA site with its slower growth rate, would have begun forming much 
earlier. The straight channels and rapid growth of these longer creeks appears to be the 
result of headward extension of pre-existing creeks in response to the increase in tidal 
prism associates with SLR.  
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 This response may counteract the effects of increased inundation by improving 
drainage efficiency (Novakowski et al., 2004), preventing waterlogging. Drainage 
network expansion can, in the short-term, help to mitigate the negative effects of sea-
level rise. However, this response is not sustainable in the absence of increased surface 
elevation from additional accretion, due to eventual dissection of the marsh by 
expanding, and eventually connecting, creeks, resulting in the ultimate degradation of the 
marsh platform. 
 
5. Conclusions 
 Tidal creeks at Sapelo Island, GA are growing at a slower rate than those in Cape 
Romain, SC (1.4 ± 0.4 m/yr on average, compared to 1.9 ± 1.0 m/yr in SC), despite 
exhibiting similar morphology and patterns of sediment properties at creek heads. This 
slower growth is likely linked to the higher surface elevation and position within the tidal 
frame of the marsh platform. This leads to: 1) higher shear strength, due to shorter and/or 
less frequent inundation and 2) the need for a larger volume of sediment to be eroded in 
order for creeks to grow, due to the greater relief between marsh platform and creek head. 
The observation of a weaker substrate, and thus, the more rapid expansion of tidal creeks 
at the lower elevation site suggest that marshes which sit lower in the tidal frame are 
more vulnerable to the effects of increased tidal prism due to SLR. Initially, expanding 
the drainage network more rapidly may counteract the effects of greater inundation, 
however, this is unlikely to be a sustainable response long-term.  
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 Our results provide new insight into the factors controlling the headward growth 
of tidal creeks. The removal of vegetation due to extensive bioturbation allows for faster 
creek growth than would otherwise be possible. The observed creek growth leads to 
similar channel morphologies (straight, low-order creeks denuded of vegetation near the 
creek head) despite variations in background conditions, growth rate, and extension type 
(extension of existing creeks versus the formation of new channels). The combined 
effects of elevation, substrate shear strength, and bioturbation may affect drainage 
network expansion in other marshes experiencing rapid RSLR, and should be considered 
when assessing marsh response to sea-level rise. Drainage network expansion, however, 
is not a long-term solution, as eventual dissection by creeks and increased flooding will 
lead to degradation of the marsh platform. 
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Figures 
Figure 2-1 A. Study site locations and examples of tidal creeks at B. Cape Romain, SC, adapted from Wilson et 
al. (2012) and C. Sapelo Island, GA. D. Identified zones near creek heads. E. Sapelo Island, GA sediment core 
locations. 
 
Figure 2-2 Sea level curves for A. Fort Pulaski, GA and B. Charleston, SC, based on NOAA tide gauge data. 
Solid lines show the linear trend for the period of record (3.25 mm/yr in GA and 3.27 mm/yr in SC), and dashed 
lines show variations in sea level after applying a low pass filter (after Hughes et al., 2009; Morris et al., 2002). 
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Figure 2-3 Down-core measurements of geotechnical properties from cores collected at Sapelo Island, GA. 
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Figure 2-4 Comparison of surficial sediment (0-10 cm depth) geotechnical properties between the two sites. 
Error bars represent one standard deviation. Shear strengths for both SC and GA are in-situ measurements 
collected directly adjacent to core locations. 
 
Figure 2-5 Seasonal comparison of geotechnical properties at Sapelo Island, GA. Error bars represent one 
standard deviation. 
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Figure 2-6 Correlation between shear strength and geotechnical properties in: A. surficial sediment at each core 
and B. averages for surficial sediment within each zone (live, dieback, creek head, and revegetated). 
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Figure 2-7 Elevation within each zone at Sapelo Island, GA (red circles) and Cape Romain, SC (blue squares). 
Error bars represent one standard deviation. A. Elevation relative to MSL at each location. B. Elevations 
normalized to the tidal range (elevation above MLW at each site divided by that site’s tidal range). Water level 
data for GA and SC obtained from tide stations 8677406 (Brunswick, GA) and 8662245 (Oyster Landing, SC). 
A 
B 
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Figure 2-8 Historical rates of creek growth for GA (red circles) and SC (blue squares) sites. Growth rates are 
plotted in the middle of the time period which they represent. Error bars represent one standard error. 
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Figure 2-9 Precipitation records for A. Sapelo Island, GA and B. Charleston, SC. Historical precipitation data 
obtained from https://www.ncdc.noaa.gov/. 
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Figure 2-10 Effects of higher elevation at the Sapelo Island site on factors influencing creek growth. 
 
Tables 
    bulk density inorganic content biomass shear strength 
    (g/cm3) (%) (g) (kPa) 
Live 
GA 0.16 ± 0.01 70.7 ± 3.9 6.92 ± 2.10 31.02  ± 3.97 
SC 0.17 ± 0.02 76.7 ± 2.8 9.30 ± 3.27 6.69 ± 7.39 
Dieback 
GA 0.11 ± 0.03 77.8 ± 4.0 2.14 ± 1.38 13.64 ± 4.46 
SC 0.08 ± 0.04 75.1 ± 2.4 5.45 ± 1.84 5.37 ± 3.12 
Creek Head 
GA 0.15 ± 0.03 80.5 ± 3.5 0.32 ± 0.22 7.88 ± 2.67 
SC 0.12 ± 0.03 79.5 ± 1.6 3.84 ± 1.52 1.96 ± 0.73 
Revegetated 
GA 0.16 ± 0.05 79.7 ± 2.8 0.86 ± 1.02 11.52 ± 3.52 
SC 0.16 ± 0.03 80.2 ± 2.2 4.68  ± 1.54 2.92 ± 0.95 
Table 2-1 Sediment core geotechnical properties in the upper 10 cm of cores from both study sites, plus or minus 
one standard deviation. Values for SC previously reported in (Wilson et al., 2012). Note that shear strength 
measurements in SC were collected both in-situ and within sediment cores; only in-situ measurements were used 
for this analysis. 
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Table 2-2 Results of Welch ANOVA and post-hoc Games-Howell test to determine which population means for 
measured sediment properties at Sapelo Island, GA differ significantly at the 5% significance level. H values are 
shown, where a shaded 1 indicates a significant difference between groups. 
 
Table 2-3 Results of Welch ANOVA and post-hoc Games-Howell test to determine which measured sediment 
properties differ significantly between each zone at Sapelo Island, GA and Cape Romain, SC at the 5% 
significance level. H values are shown, where a shaded 1 indicates a significant difference between the two 
locations for the given property within the given zone. F statistics for each sediment property are the same as 
those reported in Table 2-2. 
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Live 1 0 0 Live 1 1 1
Dieback 1 1 0 Dieback 1 0 0
Creek head 0 1 0 Creek head 1 0 0
Revegetated 0 0 0 Revegetated 1 0 0
F(7, 13.47) = 6.18, p=0.002 F(7, 14.57) = 5.53, p = 0.003
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Live 1 1 1 Live 1 1 1
Dieback 1 1 0 Dieback 1 0 0
Creek head 1 1 0 Creek head 1 0 0
Revegetated 1 0 0 Revegetated 1 0 0
F(7, 12.19) = 21.30, p<0.001 F(7, 14.81) = 55.72, p<0.001
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Table 2-4 Results of Welch ANOVA and post-hoc Games-Howell test to determine which population means for 
measured elevations at GA and SC locations differ significantly at the 5% significance level. H values are shown, 
where a shaded 1 indicates a significant difference between groups. 
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live 1 1 1 live 0 1 1
dieback 1 0 0 dieback 0 0 0
creek head 1 0 0 creek head 1 0 0
revegetated 1 0 0 revegetated 1 0 0
F(3, 12.90) = 86.96, p<0.001 F(3, 8.60) = 8.92, p=0.005
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State Affected Name Category Date 
GA, SC unnamed 2 October 1947 
GA unnamed 1 August 1949 
SC Able 1 August 1952 
SC Hazel 4 October 1954 
SC Cindy 1 July 1959 
SC Gracie 3 September 1959 
GA, SC David 2 September 1979 
SC Bob 1 July 1985 
GA Kate 1 November 1985 
SC Hugo 4 September 1989 
SC Charley 1 August 2004 
SC Gaston 1 August 2004 
GA, SC Matthew 1 October 2016 
 
Table 2-5 Hurricanes which affected Georgia and South Carolina during the study period. 
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Chapter 3: Assessing the potential for inland migration of the Great Marsh 
Abstract 
 To survive rising sea level, salt marshes must accrete vertically, migrate laterally, 
or a combination of the two. If sufficient sediment is available for marsh accretion, the 
slope of the surrounding area is relatively flat, and edge erosion is minimal, then a marsh 
can theoretically maintain its areal extent through a combination of vertical accretion and 
horizontal expansion. However, in cases where sediment supply is limited and the marsh 
is backed by steeper slopes, it is unclear whether accretion and inland migration will be 
sufficient to counteract the combined effects of rising sea level and edge erosion. Given 
these barriers to marsh expansion, inland migration may not be a viable solution to marsh 
habitat loss with rising sea level. 
 This project seeks to quantify the potential changes in areal extent under future 
sea-level rise scenarios for the Great Marsh in northern Massachusetts, where the marsh 
has a limited suspended sediment supply and relatively steep inland topography. Land 
area covered by salt marsh has been identified and digitized using LiDAR elevation data 
and aerial photography. Sediment availability has been calculated based on the 
volumetric contribution of inorganic material to marsh accretion. Predicted changes in 
marsh area over a 100-year model period are based on the surrounding elevation 
gradients, calculated sediment availability, projected edge erosion, and local rates of sea-
level rise predicted under two Representative Concentration Pathway (RCP) scenarios 
used in the IPCC’s most recent report. We find that as the rate of sea-level rise increases, 
the areal extent of the marsh decreases due to the lack of suspended sediment needed to 
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maintain marsh surface elevation and marsh encroachment upon increasingly steeper 
slopes. By comparing a model assuming constant accretion rates to one with accretion 
limited by sediment availability, we find that marsh habitat conversion and loss occur 
earlier and more rapidly when taking limited sediment supply into account. 
 
1. Introduction 
 Rising sea level poses a long-term threat to salt marshes worldwide (Crosby et al., 
2016). Marshes respond to increased inundation through enhanced accretion and inland 
migration (Feagin et al., 2010; Kirwan et al., 2016; Morris et al., 2002; Torio and 
Chmura, 2013). Vertical accretion allows the marsh to maintain its elevation relative to 
mean sea level, and inland migration, through the conversion of the adjacent uplands to 
marsh, helps compensate for areal losses to edge erosion and rising sea level. However, a 
marsh’s ability to vertically accrete depends on sediment availability, and the ability to 
migrate inland depends on the surrounding topography.  
 Increased inundation due to sea-level rise, below a certain threshold, can promote 
increased vertical accretion (Morris et al., 2002), and most predictive models contain 
positive and negative feedbacks to represent this relationship. However, locations with 
very low suspended sediment concentrations (SSC) can only withstand fairly low rates of 
relative sea-level rise (Kirwan et al., 2010). At sites where this condition exists, the 
assumption that increased inundation will lead to increased sediment deposition and 
accretion is probably incorrect. 
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 Accretion rates for low marsh are consistently higher than for high marsh, due to 
longer and more frequent tidal inundation (Pethick, 1981). If sea level rises faster than the 
high marsh can accrete, former high marsh areas lose elevation relative to mean sea level 
and transition to low marsh. As a result, accommodation space increases, and greater 
sediment input is required to maintain the higher accretion rates associated with low 
marsh (Ganju et al., 2017; Kirwan and Megonigal, 2013). If SSCs are relatively high, 
then greater inundation leads to greater sediment deposition, due to a deeper water 
column and longer period during which sediment can settle. In areas where SSCs are low, 
increased inundation may not be accompanied by increased sediment deposition, due to 
the lack of sediment available (Kirwan et al., 2010). Humans have also caused significant 
reductions in the flux of sediment reaching the world’s coasts (Syvitski et al., 2005), 
further increasing marsh vulnerability to sea-level rise in many areas (Weston, 2014). 
 In addition to limitations on vertical accretion imposed by sediment supply, 
marshes in some locations may face barriers to lateral expansion, in the form of steep 
inland topography. Compared to the relatively flat marsh surface, the presence of steep 
slopes directly adjacent to wetlands can significantly impede inland migration (Brinson et 
al., 1995; Feagin et al., 2010; Gilman et al., 2007; Hussein, 2009). Migration can only 
occur when the marsh is able to expand laterally, filling the accommodation space created 
as mean sea level rises and compensating for losses due to submergence of low-lying 
areas of the marsh (Gardner et al., 1992). When coastal habitats are losing area along 
their seaward margin, but are unable to migrate inland due to the presence of steep slopes 
or manmade barriers, they experience a net loss in area, or coastal squeeze (Doody, 2004; 
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Pontee, 2013; Torio and Chmura, 2013). Wave-induced edge erosion can drive further 
losses in marsh area (Day et al., 1998; Mariotti and Fagherazzi, 2013), though this 
involves a tradeoff, where eroded material along the marsh margin provides sediment for 
accretion on the remaining marsh surface (Mariotti and Carr, 2014). 
 Uncertainty remains regarding the fate of many coastal marshes over the coming 
century, despite the existence of several numerical models designed to predict marsh 
evolution in response to sea-level rise (D’Alpaos et al., 2007; Kirwan and Murray, 2007; 
Morris et al., 2002; Mudd et al., 2009; Temmerman et al., 2003). Efforts to model marsh 
response to sea-level rise must account for the limitations imposed by accretion rates and 
topographic barriers, either explicitly or implicitly. A simple bathtub model will show 
that steep topography, compared to flat marsh, prevents sufficient inland migration on the 
marsh’s landward edge to make up for marsh losses once the rate of sea-level rise 
exceeds that of marsh accretion.  
 More dynamic models, such as SLAMM and MEM, considers changes in marsh 
accretion due to flooding depth and the presence of vegetation. The feedbacks involved in 
marsh response to increased inundation (Lentz et al., 2016; Morris et al., 2002) makes 
accounting for the effects of SLR on marsh accretion a greater challenge. In many 
models, either SSCs (Schile et al., 2014) or accretion rates for a particular marsh type 
(Craft et al., 2009; Kirwan and Guntenspergen, 2009) are fixed, meaning that they do not 
adjusted over time. Modeling marshes in this way makes the implicit assumption that the 
sediment availability is unlimited, where inorganic sediment deposition will always 
increase with increased inundation and/or increased low marsh area (and the greater 
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volume of sediment deposition that that implies). In reality, there is a limited mass of 
sediment available for sedimentation (French, 2006). Regardless of changes in inundation 
depth and duration, if the accretion rate necessary for marsh survival is high but SSC is 
low, the quantity of sediment needed to maintain that accretion rate may exceed actual 
availability. Schile et al. (2014) attempts to account for this by running the same model 
with different suspended sediment concentrations, and demonstrated the importance of 
this factor in terms of the timing of wetland loss. 
 The Great Marsh, the largest continuous salt marsh in New England, is a system 
with both low SSC, approximately 3 mg/L (Kirwan et al., 2010), and steep inland 
topography. In coastal plain settings, generally the upland slope is very low (< 0.001) and 
mostly uniform. In contrast, the post-glacial topography abutting the Great Marsh 
contains upland slopes greater than 0.01. In this study, we develop a relatively simple 
numerical model, based on site-specific data for the Great Marsh, which accounts for 
both the upland topography and the low suspended sediment concentration in this system, 
as well as losses in areal extent of the marsh due to edge erosion. The goal of this work is 
to demonstrate the importance of a realistic accounting of the limitations imposed by low 
sediment supply in models of marsh vulnerability to sea-level rise. 
 
2. Methodology 
2.1 Study Area 
The Great Marsh is located within the Merrimack Embayment barrier system. 
Covering more than 80 square kilometers, it extends from southern New Hampshire to 
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Cape Ann, Massachusetts, though the study area for this project has been limited to the 
backbarrier marsh behind Plum Island (Fig 3-1A). At present, sediment to the coastal 
ocean is chiefly supplied by the Merrimack River, the only river in this system with 
significant freshwater discharge. However, the majority of that sediment is too coarse to 
be deposited on the marsh, ranging in size from fine sand to gravel (FitzGerald et al., 
2002). Upon reaching the ocean, sediment discharge is diluted and transported south by 
longshore currents (FitzGerald et al., 1994). Limited exchange between the Merrimack 
River and Plum Island Sound occurs via clockwise recirculation around Plum Island and 
through a small, sandy channel connecting Plum Island Sound and the Merrimack River 
Inlet (Zhao et al., 2010). Most of the fine grained sediment supplied to the Plum Island 
backbarrier marsh is from the relatively small Parker, Rowley, and Ipswich Rivers. 
However, flow in these rivers is tide-dominated and, due to a combination of relatively 
small watershed areas and low freshwater discharge (Hein et al., 2012), sediment inputs 
are minimal (FitzGerald, unpublished data). 
 The marsh began forming around 3300 years ago, as a result of infilling of the 
backbarrier lagoon during landward barrier migration (Hein et al., 2012). Since the 
initiation of marsh growth, sea level in this area has risen approximately 2.6 m. From 
3300 to 1000 years BP, sea level rose at a rate of 0.80 ± 0.25 mm/yr. The rate of sea-level 
rise then slowed to 0.52 ± 0.62 mm/yr, until approximately 150 to 500 years before 
present (Donnelly, 2006). At that time, coincident with climate warming (Donnelly et al., 
2004), the rate of sea-level rise began to increase toward the modern rate of 2.88 mm/yr. 
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 Pleistocene glaciation had two important effects on this area. First, continental 
glaciation scoured the saprolite and fine-grained sediment from meltwater-augment river 
valleys. This, combined with low river flow, bedrock substrate, and dense forest cover 
(Roman et al., 2000), left rivers in the northeastern US with lower suspended sediment 
concentrations than rivers to the south (Meade, 1969). In addition, glaciation has left a 
deranged drainage pattern, where the drainage network is poorly developed and includes 
numerous topographically low areas, which capture sediment before it reaches the coast. 
This reduction in suspended sediment to the Great Marsh, and other northern marshes, 
limits the amount of inorganic sediment available for vertical accretion. The second 
effect of glaciation of this area is the formation of drumlins, elongate hills formed by 
glacial ice acting on the underlying sediment, irregular ground moraines, hills formed 
from glacial till, and other glacially carved features. The steeper slopes associated with 
this raised topography directly adjacent to the relatively flat topography of the Great 
Marsh create a potential barrier to inland migration. 
2.2 Surface elevation 
 LiDAR elevation data for the study area (Fig 3-1B) were obtained from the 
MassGIS data library. Elevation data were collected from 16 November 2013 to 8 
December 2013, 3 April 2014 to 20 April 2014, and on 27 December 2014 using a Leica 
ALS70 500 kHz Multiple Pulses in Air (MPiA) LiDAR sensor system and an Optech 
Gemini LiDAR System, on board a Cessna 404 or a Cessna 310 aircraft. Data from 
tidally influenced areas were collected within 2 hours of mean low water, exclusive of 
neap tides. Latitude and longitude are rectified to the North American Datum of 1983 
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(NAD83) with orthometric heights referenced to NAVD88, computed using the NGS 
Geoid 12A model. Data were converted to a raster DEM at one-meter horizontal 
resolution, with an average vertical error of 0.024 m and standard deviation of 0.047 m. 
 Elevation data from the study area were also collected using Real Time 
Kinematics (RTK) surveying equipment in order to verify LiDAR elevations and apply a 
correction if necessary. 281 elevation points were collected in total, 220 from marsh areas 
and 61 from upland areas. On average, RTK survey points were 14 cm below the LiDAR 
elevations, with no significant difference between marsh and upland areas. This 14 cm 
difference was used as a correction factor for LiDAR elevation data over the entire study 
area. In addition, water level data collected in and around Plum Island Sound indicate that 
mean sea level (MSL) in this area is, on average, 6 cm below NAVD88, and were used to 
calculate elevation relative to MSL. 
 The presence of salt marsh vegetation is highly dependent on elevation because it 
dictates the frequency and duration of tidal inundation, or hydroperiod (Cronk and 
Fennessy, 2001). Four zones within the study area (Fig 3-1C) were defined based on 
elevation relative to MSL: open water (<0.18 m), low marsh (0.18 – 1.18 m), high marsh 
(1.18 – 1.98 m) and upland (>1.98 m) (adapted from Millette et al., 2010; Wilson et al., 
2014). These elevation-based zones correlate well with zone boundaries identified in 
aerial photographs. 
2.3 Accretion rates 
 Salt marsh sedimentation and accretion rates vary with elevation and hydroperiod; 
low elevation areas experiencing longer and more frequent inundation have higher 
  
73 
accretion rates (Christiansen et al., 2000; French and Spencer, 1993). In the model 
developed for this study, accretion rates (a) vary linearly with surface elevation (E) (Fig 
3-2) as follows: 
a = -6.0197E + 11.457 
This relationship between accretion rate and elevation is based on surface elevation table 
(SET) records from multiple locations within the study area (Wilson et al., 2014). The y-
intercept, 11.457, in this linear relationship is related to the accretion rate; a greater y-
intercept would indicate a higher accretion rate and vice versa. High marsh accretion 
rates from SET data align closely with results from Pb-210 analysis of sediment cores 
collected in summer 2015, which indicated an average accretion rate of 2.85 ± 0.08 
mm/yr on high marsh (Connell, 2016). In addition, low and high marsh differ in terms of 
the percentage of their substrate composed of inorganic sediment. Substrate porosity, 
sediment density, and inorganic content by weight (Morris et al., 2016; Wilson et al., 
2014) were used to determine the volumetric contribution of inorganic sediment to 
substrate volume and, thus, accretion rate. In the Great Marsh, low marsh substrate is 
6.0% inorganic matter and high marsh substrate is 1.6% inorganic matter by volume, on 
average. 
2.4 RSLR 
 Modeled projections of relative sea-level rise (RSLR) specific to the Boston area 
were used for this analysis (Fig 3-3) (DeConto and Pollard, 2016; Kopp et al., 2017, 
2014). These projections incorporate local effects of ice sheet melting, isostatic 
adjustment, subsidence, thermal expansion, and the gravitational attraction of water to ice 
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sheets. Moderate and high emissions scenarios, RCP 4.5 and RCP 8.5, were compared. 
Note that in addition to the local effects incorporated in the projections utilized in this 
study, weakening of the Atlantic Meridional Overturning Current (AMOC) may lead to 
greater acceleration in the rate of sea-level rise in the northeastern US (Sallenger et al., 
2012). 
2.5 Model 
  The model was run for 100 years in 5-year time steps. Elevation at future time 
steps (EF) with respect to rising mean sea level was calculated for each cell as follows: 
EF = E0 – SLR + a 
Where E0 is elevation at present, SLR is the amount that sea level has risen vertically, and 
a is the amount of vertical accretion occurring in that cell, based on the given relationship 
between accretion and elevation. Values for a differed between two scenarios, which 
were designed as a theoretical exercise to examine the effects of limited sediment supply. 
Scenario A (constant accretion) assumes that present relationship between accretion rate 
and elevation will remain the same in the future, even if marsh area increases and/or high 
marsh is replaced by low marsh, both situations which would require a greater total 
amount of sediment accretion in order to maintain a similar rate.  
 Scenario B (sediment-limited accretion) assumes that, due to the very low 
concentrations of suspended sediment in this area, inorganic sediment availability is the 
limiting factor for marsh accretion, and that the current inorganic contribution to 
accretion is the maximum available. In this scenario, the present-day sediment 
contribution to accretion places a practical limit on the potential for accretion in the 
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future. For this second scenario, total present-day sediment availability is calculated as 
the proportion of inorganic material contributing to accretion over the entire marsh. This 
is calculated from the accretion rate determined for each cell based on its elevation, as 
described above, and the proportion of that accretion that is from inorganic sediment, 
based on the percentage of inorganic matter by volume in high and low marsh substrate. 
In future time steps, accretion rates are reduced by reducing the y-intercept (11.457) in 
the linear equation relating accretion and elevation, so that sediment contributions to 
accretion do not exceed total sediment availability. 
 Edge erosion was also included in the calculated change in marsh area over time. 
Between November 2014 and November 2017, average edge erosion along Plum Island 
Sound was measured at 0.78 m/yr (Novak, unpublished data). This rate was applied along 
the approximately 13 km of marsh edge bordering the Sound that is currently eroding due 
to wave exposure. Edge erosion rate have been found to increase linearly with wave 
power according to the equation E*=a*P*, where E* = dimensionless erosion rate, P* = 
dimensionless wave power, and a* = 0.67 (Leonardi et al., 2016). Despite the shallow 
depth of Plum Island Sound, wave growth is assumed to be fetch-limited, since studies 
have indicated that fetch-limited wave growth in shallow water follows similar growth 
laws to deep water wave growth (Janssen, 1991, 1989). The modest increase in fetch (2-
3km at present) caused by widening of Plum Island Sound over the model period would 
only lead to a minimal increase in wave power, and thus edge erosion rate, based on 
fetch-limited wave heights given in the U.S. Army Corps of Engineers Coastal 
Engineering Manual (Resio et al., 2003). Since the effects of increased fetch on wave 
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power over the 100-year model period would be minimal, the present edge erosion rate 
and shoreline length were used for the entire model duration. Note that the spatial 
estimates of habitat change over time shown in Fig 3-4 do not include losses due to edge 
erosion; these losses are, however, included in totals for areal change shown in Fig 3-5. 
 
3. Results 
3.1 Habitat conversion 
 At the beginning of the model run, the Great Marsh is 76% high marsh and 24% 
low marsh. In all modeled scenarios, the conversion of high marsh platform to low marsh 
begins almost immediately (Figs 3-3 and 3-4). The rate at which high marsh converts to 
low marsh accelerates around model year 20, and continues to accelerate until the high 
marsh has been entirely replaced by low marsh. Due to the low relief of the marsh 
platform, this shift is relatively rapid. High marsh is eventually confined to the more 
steeply sloping upland on the borders of present-day marsh once platform areas have 
been entirely converted to low marsh. In addition to occurring earlier, in both sea-level 
rise scenarios the complete conversion to low marsh occurs more rapidly in the sediment-
limited accretion scenarios. A period of rapid conversion from high to low marsh (grey 
shading in Fig 3-5) takes 35 years in scenario A, but only 30 years in scenario B. For 
RCP 8.5, the period of rapid conversion from high to low marsh takes 25 years in 
scenario A and 20 years in scenario B. 
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3.2 Upland encroachment and areal losses 
 In each scenario, despite the conversion from high marsh to low marsh, the marsh 
experiences very modest gains in total marsh area over the first several decades. 
However, in all but the most optimistic scenario, the marsh eventually experiences 
greater losses once marsh conversion to open water outpaces upland conversion to marsh 
due to the combined effects of edge erosion and accelerating SLR. Both scenarios A and 
B result in similar amounts of present-day upland area converted to marsh, less than 7 
km2, under RCP 4.5. This allows for modest gains in total marsh area in the constant 
accretion scenario, as upland conversion to marsh exceeds marsh conversion to open 
water over the entire model period. In the sediment-limited scenario, losses due to 
inundation and edge erosion are greater, leading to smaller initial gains in total area. 
There is a modest loss in marsh area near the end of the model period due to an increase 
in marsh area converted to open water, which exceed upland encroachment. 
 Under RCP 8.5, scenarios A and B are again similar many regards, with slightly 
greater upland gains than in RCP 4.5 (approximately 10 km2). In both scenarios, 
conversion of upland to marsh slightly exceeds conversion of marsh to open water for 
several decades, until a critical threshold is reached and rapid replacement of marsh with 
open water occurs. This begins around model year 75 for scenario A (constant accretion), 
but begins in model year 70 for scenario B (sediment-limited accretion). In both 
scenarios, this rapid replacement is due to a combination of the marsh’s platform 
morphology, where much of the flat platform becomes inundated at the same time, and 
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acceleration of the rate of sea-level rise far beyond marsh’s ability to accrete in later 
stages of the model. 
3.3 Model validation and sensitivity analysis 
 Since the Great Marsh began forming around 3300 years ago, sea level has risen 
slowly, allowing the marsh to build in elevation at a similar rate or faster rate than SLR. 
In order to determine whether the model would predict marsh survival under such 
conditions, the rate of sea level rise for the past century, approximately 2.88 mm/yr, was 
applied over the 100-year model period for both model scenarios. Both scenarios 
produced nearly identical results in terms of marsh area over time (Fig 3-6), with total 
marsh area increasing very slightly, a modest increase in high marsh area, and a modest 
decrease in low marsh area. Under the slower rates of sea-level rise experienced in the 
past, the model predicts marsh persistence for long periods, and even slight gains in total 
marsh area. 
 Changes in the linear relationship between elevation and accretion rate were also 
analyzed. Increasing the y-intercept to 15.457, the equivalent of a 4 mm/yr increase in 
marsh accretion in all areas, would effectively allow the high marsh to accrete at the same 
rate as current low marsh accretion. This increase yielded results showing slower 
conversion of high marsh to low marsh and later conversion of marsh to open water in the 
RCP 8.5 scenarios (Fig 3-7). Decreasing the y-intercept to 7.457, the equivalent of a 4 
mm/yr decrease in marsh accretion, led to earlier conversion of high marsh to low marsh 
and of marsh to open water (Fig 3-8). At higher accretion rates, differences in the timing 
of conversion to open water between Scenarios A and B become more pronounced. 
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4. Discussion 
4.1 Sediment availability 
 As sea level rises and salt marshes are positioned lower in the tidal frame, greater 
sediment deposition is required to maintain higher accretion rates on low marsh 
compared to high marsh (Kirwan and Megonigal, 2013). In the Great Marsh, where the 
majority of the marsh platform is currently high marsh, this conversion to low marsh 
represents a particularly large and sudden increase in overall accretion. In order to 
accurately represent the limitations in the amount of sediment available for accretion, the 
potential for such a large increase in sediment input must be critically examined. 
 Models that use SSC as an input (D’Alpaos et al., 2007; Kirwan and Murray, 
2007; Morris et al., 2002; Mudd et al., 2009; Temmerman et al., 2003) assume that as 
inundation increases, so too does sedimentation. Modeling accretion in this way assumes 
that the ultimate source of sediment is unlimited. This may be a reasonable assumption in 
areas with high mineral sediment inputs, such as North Inlet, SC, where one such model 
(the Marsh Equilibrium Model, or MEM) was calibrated (Morris et al., 2012). There, 
several rivers, including the Waccamaw, Pee Dee, and Black Rivers that drain into 
nearby Winyah Bay, provide abundant sediment to the coastal system. A comparison of 
several existing models by Kirwan et al., 2010 indicates that marshes are reasonably 
resilient to moderate rates of sea-level rise, but only if they have high SSC and/or large 
tidal range. Marshes in areas with a high tidal range are resilient because the marsh 
vegetation occurs over a large vertical zone compared to elevation lost due to sea-level 
rise. The large tidal range (2.6 m) at Plum Island may partly explain the marsh’s 
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persistence for several decades in the model despite low sediment availability in this area. 
In addition, due to the marsh’s platform morphology, inundation of most of the marsh’s 
area is delayed as sea level rises over the relatively narrow low marsh zone. However, 
below a certain threshold sediment concentration, inundation is almost inevitable, even 
with only moderate rates of sea-level rise (Kirwan et al., 2010). Under these conditions, 
inorganic sediment availability strongly influences the maximum rate of sea-level rise 
with which a marsh can keep pace. 
 However, marsh resilience to sea-level rise depends not just on the concentration 
of suspended sediment, but also on the sediment source (Ganju et al., 2017). Sediment 
derived from marsh edge erosion may contribute to accretion on the marsh surface 
(Mariotti and Carr, 2014), but at the expense of areal losses. By using inorganic sediment 
accumulation on the marsh surface, rather than SSC, and incorporating local edge erosion 
rates, the model developed here accounts for potential sediment contributions from both 
edge erosion and riverine inputs, and includes only that sediment which reaches the 
marsh surface and contributes to vertical accretion. 
 Most, if not all, models include present-day accretion rates or suspended sediment 
as inputs, but many do not allow for a reduction in sediment supply or accretion rates 
over time (Craft et al., 2009; Kirwan and Guntenspergen, 2009; Schile et al., 2014). This 
makes sense from the standpoint of using known, site-specific values as model inputs. 
However, while humans have increased the amount of sediment being transport in rivers 
due to soil erosion, we have at the same time decreased the amount of sediment that 
reaches the coast due to retention within reservoirs (Syvitski et al., 2005). Due to this 
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decline in sediment delivery to coastal areas, past accretion rates determined from Pb-210 
or Cs-137 analysis of sediment cores may not be a reliable indicator of potential future 
rates, because they represent a time of high suspended sediment delivery to the coast 
(Weston, 2014). Incorporating a gradual reduction in accretion rates over time may 
provide a more realistic picture of the Great Marsh’s future development. 
4.2 Inorganic versus organic contribution 
 One of the main assumptions of the model developed here is that inorganic 
sediment input is the limiting factor for accretion on the Great Marsh. If the marsh is at, 
or close to, the maximum contribution of belowground biomass to marsh accretion, then 
additional accretion can only occur through additional input of inorganic sediment. Many 
studies operate on the assumption that accretion is dependent on mineral sedimentation 
(Nyman et al., 1990; Temmerman et al., 2004; Thorn, 1992), though other studies have 
found that organic accumulation is the limiting factor (Kirwan and Megonigal, 2013; 
Neubauer, 2008; Nyman et al., 2006). Whether inorganic or organic accumulation is the 
limiting factor for marsh accretion depends on site-specific factors (Kirwan and 
Megonigal, 2013), including wave and storm energy (Mitsch and Gosselink, 2007), tidal 
range, vegetation type, and suspended sediment concentration (Kirwan et al., 2010).  
 Salt marshes where accretion rates dependent on organic accumulation rather than 
mineral sedimentation tend to have high suspended sediment concentrations and low 
organic content. For example, Louisiana marshes adjacent to Old Oyster Bayou, where 
accretion has been found to vary with organic accumulation, had suspended sediment 
concentrations of 70 mg/l on average (Wang, 1997) and as low as 20% organic content in 
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the substrate (Nyman et al., 2006). The assumption of inorganic sediment-limitation in 
the Great Marsh is based on very low SSC (3 mg/L (Kirwan et al., 2010)) and relatively 
high percentage of organic matter in the substrate on the marsh platform (46% (Wilson et 
al., 2014)). 
 In addition, the majority of the Great Marsh platform is high marsh dominated by 
Spartina patens. A study examining primary productivity on the Great Marsh found no 
significant correlation between S. patens primary productivity and sea level, though the 
authors noted that this may have been due to methodological limitations (Morris et al., 
2013). Studies of S. patens conducted elsewhere have found that this species is most 
productive at higher elevations within the tidal frame (less frequent inundation) and least 
productive at lower elevations (more frequent inundation) (Broome et al., 1995; Spalding 
and Hester, 2007; Tobias and Nyman, 2017). The results of these studies suggest that sea-
level rise on the Great Marsh will likely be detrimental to the health of S. patens.  
 In contrast, Spartina alterniflora, which on the Great Marsh is currently confined 
to the smaller low marsh area, experiences maximum productivity at an intermediate 
level of inundation, with reduced productivity at lower or higher levels of inundation 
(Morris et al., 2002). Whether sea-level rise will cause an increase or decrease in S. 
alterniflora productivity, and thus organic contribution to accretion, on a particular marsh 
will therefore depend on the marsh’s current level of inundation. A study conducted in 
the marshes along Narragansett Bay in Rhode Island found primary productivity of S. 
alterniflora there decreased with increasing inundation depth (Watson et al., 2017). The 
study of primary productivity on the Great Marsh found that currently, S. alterniflora 
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productivity increases with increasing inundation depth. However, the authors of the 
study suggest that while this will likely lead to an initial increase in S. alterniflora 
productivity with SLR, productivity will ultimately decline due to the exceedance of a 
threshold flooding depth or duration (Morris et al., 2013). 
4.3 Upland encroachment 
 Although the majority of studies on ‘coastal squeeze’ have focused on 
anthropogenic barriers to marsh migration (Doody, 2013; Feagin et al., 2010; Pontee, 
2013; Torio and Chmura, 2013), steep slopes have been identified as a primary factor in 
preventing coastal wetlands from migrating inland (Brinson et al., 1995; Gilman et al., 
2007; Hussein, 2009; Kirwan et al., 2016). In coastal areas that are backed by a flat or 
gently sloping coastal plain, there may be sufficient area for marshes to transgress inland 
and maintain, or even expand, their areal extent in a regime of rising sea level (Feagin et 
al., 2010; Morris et al., 2012). However, the glaciated terrain and absence of a large, flat 
coastal plain tends to limit marsh area in the northeast (Roman et al., 2000), and our 
results indicate that the glacially formed topography of the surrounding upland will limit 
future prospects for inland migration of the Great Marsh to a few low-lying areas (Fig 3-4 
and 3-9). Although not included in this analysis, the presence of anthropogenic barriers in 
the form of buildings, roads, and other impervious surfaces may further limit upland 
encroachment of the Great Marsh. 
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4.4 Habitat conversion and areal losses 
 In all model scenarios, the high marsh platform begins converting to low marsh 
almost immediately, and is entirely replaced within a few decades. This shift in 
ecosystem has profound effects on both the marsh hydrodynamics, discussed below, and 
the wildlife that occupy the marsh (Nixon, 1982; Nur et al., 2012; Veloz et al., 2013). 
Despite the conversion from high to low marsh, in all modeled scenarios total marsh area 
is maintained, even increasing slightly, for several more decades. This period of seeming 
stability is followed in all but one case by rapid conversion to open water as SLR 
eventually outpaces marsh accretion. The rapid shifts from high to low marsh, and low 
marsh to open water, are primarily due to the low relief of the marsh platform. This 
period of persistence, followed by rapid change, also aligns well with the notion that 
ecosystems are resistant to perturbation, or ‘state change’ (Brinson et al., 1995) until they 
reach a critical threshold and undergo rapid conversion (Deegan et al., 2012). 
 The estimates of marsh loss calculated here are conservative; they do not consider 
hydraulic connectivity, nor do they incorporate the presence of barriers created by 
impervious surfaces (Torio and Chmura, 2013). In addition, the marsh only is divided 
into two zones (high and low marsh) with uniform accretion rates within each for 
computational simplicity. In reality there is a continuum of decrease in accretion rates 
with elevation, and an exponential decrease with distance from tidal creeks and the marsh 
edge (Christiansen et al., 2000; D’Alpaos et al., 2007; French and Spencer, 1993). It is 
unclear whether this simplification has positive or negative effects on predicted marsh 
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resilience. Future modeling efforts could be made more robust by incorporate these 
effects. 
4.5 Elevation change 
 Despite the fact that the marsh persists for several decades, throughout this time it 
is continually dropping lower in the tidal frame (Fig 3-10). In all scenarios, the high 
marsh experiences a slight increase in average elevation (on the order of ~20 cm) around 
the time when the platform is entirely converted to low marsh and high marsh migrates 
onto the present-day uplands. Average low marsh elevation above mean sea level 
experiences a modest increase as a result of migration onto the platform. However, once 
low marsh reaches the platform it begins losing elevation relative to the still-rising sea 
level, eventually falling to 30 to 50 cm below the present-day average. This marks a loss 
in elevation capital, or the elevation of the marsh relative to its potential growth range 
(Cahoon and Guntenspergen, 2010). A marsh that sits lower within its potential growth 
range has a smaller buffer against future rise in sea level than one positioned at a higher 
elevation (Watson et al., 2017). Under the RCP 8.5 scenarios, note that the apparent rise 
in low marsh elevation near the end of the model period is the result of widespread 
conversion of the lowest elevation areas to open water. This leads to an increase in the 
average elevation relative to mean sea level as the marsh is confined to a smaller, higher 
elevation area above the former platform. 
 A loss in elevation relative to mean sea level also leads to an increase in the 
volume of the tidal prism. This has implications not only for the marsh itself, including 
soil waterlogging (Reed, 2002), lower oxygen levels (Gleason and Zieman, 1981), and 
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drainage network expansion (Stefanon et al., 2010), but also for the entire barrier system. 
As tidal prism increases, so too will the width of the tidal inlet, volume of sand in the 
channel and ebb tidal delta, and removal of sand from the barrier island (FitzGerald et al., 
2006). This process creates a positive feedback loop between marsh loss and inlet 
expansion, where erosion and decreased elevation leads to a greater tidal prism, which 
leads to a widened inlet, exposing the backbarrier wetlands to further increases in 
inundation and wave erosion (Watson et al., 2017). The conversion of marsh to open 
water also creates another positive feedback loop, where loss of vegetation associated 
with conversion to mudflat or open water leads to a decrease in sediment trapping and an 
increase in erosion, which in turn further increases vulnerability (Ganju et al., 2017). 
Fetch will also increase with marsh conversion to open water, increasing wave power and 
leading to further edge erosion (Leonardi et al., 2016). 
 
5. Conclusions 
 Model results indicate that the Great Marsh in Massachusetts will experience 
conversion of the high marsh platform to low marsh over the next several decades. This is 
followed by modest to significant losses in marsh area over the 100 model period, except 
in the most optimistic scenario for sea level rise and marsh accretion. The sediment-
limited scenarios in this model represent a first attempt at realistically accounting for the 
effects of limited sediment availability on future salt marsh accretion rates.  
 Although present-day suspended sediment concentrations are often incorporated 
into predictive models of salt marsh response to sea-level rise, it is typically assumed that 
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a) SSC will remain constant over time and b) sediment supply will be sufficient to meet 
the greater requirement created by increased accretion rates (associated with a shift from 
high elevation marsh to low elevation marsh). However, this may be unrealistic in areas 
with low suspended sediment inputs to the coast. In these areas, not only is sediment 
availability limited, but the increased volume of water inundating the marsh surface as 
sea level rises comes from the ocean rather than riverine inputs, making increased 
sediment contributions unlikely.  
 Our results show that limiting accretion rates based on low sediment input leads 
to earlier and more rapid habitat conversion and marsh loss. We believe that this the 
sediment-limited scenarios outlined here are a more realistic representation of the Great 
Marsh, and New England marshes in general, given their extremely low suspended 
sediment inputs to the coastal system. An additional consideration for marshes in New 
England, and other glaciated coasts, is the prevention of inland migration by steep 
surrounding topography. This too is an important factor which must be taken into account 
when assessing marsh vulnerability to sea-level rise. 
 Model results suggest that despite limitations imposed by sediment availability 
and upland topography, the marsh is capable of persisting for several decades. However, 
in all cases loss in elevation capital and conversion of high marsh to low marsh begin 
almost immediately. This conversion will increase the tidal prism, altering the marsh’s 
hydrodynamics and leading to negative feedbacks not only for the marsh itself, but for 
the entire coastal system, and, ultimately, contributing to net removal of sand from the 
barrier islands. Loss of high marsh habitat will have substantial ecological impacts for the 
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variety of flora and fauna which inhabit high marsh in New England (Nixon, 1982), but 
cannot survive or thrive in low marsh due to its higher flooding frequency. For the Great 
Marsh and other Northeastern salt marshes, this includes species of migratory bird, like 
the salt marsh sparrow (Ammodramus caudacutus), which require high marsh habitat for 
reproduction (Smith et al., 2017; U.S. Fish & Wildlife Services, 2018). 
 These findings indicate that marshes with low sediment supply and/or steep 
inland topography are particularly vulnerable to sea level rise, and may experience rapid 
deterioration once sea-level rise surpasses a certain threshold. Furthermore, models which 
fail to realistically account for limitations in sediment availability may underestimate this 
vulnerability. 
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Figures 
 
Figure 3-1 A. Aerial photo of the study area, the Great Marsh near Plum Island, MA, extending from the 
southern border of New Hampshire to Ipswich, MA. B. Elevation map of the study area, based on LiDAR 
survey data collected in 2014 and corrected to meters above mean sea level. C. 2015 habitat zonation; red 
indicates upland, yellow indicates high marsh, green indicates low marsh, and blue indicates open water. 
 
 
Figure 3-2 Relationship between surface elevation and accretion rate for the Great Marsh, based on SET data 
collected at the site (Wilson et al., 2014). 
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Figure 3-3 A. Sea-level rise projections in m above present day and B. rates in mm/yr for the Boston area used in 
this analysis. Produced using data provided in Kopp et al., 2017. 
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Figure 3-4 Comparison of predicted habitat distribution for the Great Marsh under modeled scenarios for A. 
RCP 4.5 and B. RCP 8.5. 
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Figure 3-5 Change in marsh area over time under four modeled scenarios. Shaded areas represent periods of 
rapid habitat conversion, either from high to low marsh or from marsh to open water. 
 
Figure 3-6 Results of model validation applying the rate of sea level rise from the past 100 years (2.88 mm/yr). 
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Figure 3-7 Results of sensitivity analysis with a 4 mm/yr increase in accretion rate. 
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Figure 3-8 Results of sensitivity analysis with a 4 mm/yr decrease in accretion rate. 
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Figure 3-9 Sample cross-section within study area. Steeply sloping topography along the marsh boundary limits 
the potential area available for inland migration. 
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Figure 3-10 Change in average elevation for marsh habitats (high marsh in yellow, low marsh in green) over 
time under four modeled scenarios. 
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Chapter 4: Conclusions and Synthesis 
  
 The primary objectives of this dissertation, outlined in the preface, were to 
quantify and assesses mechanisms controlling marsh sedimentation and erosion, and how 
these mechanisms play a larger role in the morphological evolution of salt marshes in 
response to sea-level rise. These processes have been examined across a wide range of 
spatial and temporal scales:  
1) ecogeomorphic feedbacks influencing fine-scale erosion, and the critical velocity 
of that erosion; 
2) how those feedbacks affect the morphological development of the marsh, 
specifically tidal creeks, over the past several decades; and 
3) how sediment availability and inland topography affect the evolution of an entire 
marsh system over the coming century. 
These three projects can be placed within the framework of factors related to marsh 
morphology presented in the preface (Fig 4-1). At the grain-scale, factors influencing 
sediment properties, such as bioturbation and inundation, determine sediment erodibility 
(Chapters 1 & 2). Sediment erodibility influences the morphological development of 
meso-scale marsh features, including the drainage network of tidal creeks. These features 
adjust in response to external forcing by climate change and sea-level rise (Chapter 2). 
These changes, in turn, affect the landscape-scale evolution of the entire marsh system 
over time (Chapter 3). 
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Figure 4-1. Conceptual framework for factors influencing marsh morphology, indicating where each of the 
preceding chapters fits within this framework. Chapter one focuses on grain-scale processes; chapter two 
examines how these grain-scale processes influence the development of morphological features; chapter three 
deals with processes occurring at a range of spatial and temporal scales, with the ultimate goal of determining 
their effects on landscape-scale evolution of the marsh. 
 
 Marsh response to climate change and sea-level rise is dynamic, involving 
complex interactions between hydrology, sedimentation, and ecogeomorphic feedbacks. 
In studying these processes, this work has filled identified gaps in our current 
understanding of marsh response to sea-level rise. Several conclusions can be drawn from 
the results of these studies: 
1) The re-packaging of marsh sediment into aboveground burrow structures and 
pellets produced by marsh crabs causes increased sediment erosion, facilitating 
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the headward growth of tidal creeks in response to increased tidal prism 
associated with sea-level rise. 
2) Tidal range and marsh elevation control sediment shear strength, as well as the 
volume of sediment removal required for tidal creek incision, thus modulating 
drainage network expansion in response to sea-level rise. 
3) Marsh encroachment onto uplands may partly offset marsh losses to edge erosion 
and inundation at low rates of sea-level rise. However, suspended sediment 
availability ultimately dictates the threshold rate of sea-level rise beyond which 
large losses to inundation will occur. 
4) In marshes with low suspended sediment input, practical limitations on accretion 
rates with increased inundation must be considered in order to accurately assess 
marsh vulnerability to sea-level rise. 
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APPENDIX A 
AT THE BED: BED STABILITY AND SEDIMENT-WATER INTERFACE 
EXCHANGES (BIOTURBATION SECTION) 
 
This appendix includes my contribution to the draft manuscript of a book chapter titled 
“Understanding Marsh Dynamics: Laboratory approaches,” co-authored by Charlie E. L. 
Thompson (University of Southampton), myself, James Tempest (Cambridge 
University), Iris Möller (Cambridge University), Martin Solan (University of 
Southampton), and Jasmin Godbold (University of Southampton). The chapter will be 
included in the forthcoming book, Marshes: Function, Dynamics, and Stresses, edited by 
Duncan FitzGerald and Zoe Hughes. 
 
1. Introduction 
 Bioturbation by salt marsh infauna can have significant effects on sediment 
stability, with major implications for long-term accretion and erosion patterns. 
Bioturbation tends to increase surface roughness, reduce the critical erosion velocity, and 
increase erosion rates due to changes in sediment characteristics such as water content, 
bulk density, permeability, rheology, and, in some cases, the removal of biostabilizers. 
Laboratory flumes can be a useful tool in studying the effects of bioturbation on marsh 
sediment erosion patterns, since they allow for greater control over confounding factors 
and more precise measurements than may be feasible in a field setting. Although results 
of these types of studies aid in the development of sedimentation models, and a number 
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of studies have evaluated the effects of bioturbation on seafloor sediment, the effects of 
only a few key salt marsh species have been identified and quantified. 
  
2. Geotechnical Properties 
 Bioturbation in general, and burrowing in particular, tends to increase the soil 
water content and decrease sediment density, thereby reducing shear strength and 
destabilizing the sediment (Gerdol and Hughes, 1994; Le Hir et al., 2007; Mazik and 
Elliott, 2000; Nowell and Jumars, 1984). In addition, the formation of pellets and burrow 
structures repackages formerly compacted sediment, changing the sediment texture and 
the effective sediment grain size by creating larger aggregates of grains (Fernandes et al., 
2006; Grabowski et al., 2011; Widdows et al., 2009). This repackaging can greatly 
increase the potential for sediment erosion, since consolidated mud is difficult to 
mobilize, but softer, less dense mud has a lower threshold shear stress (Le Hir et al., 
2007).  
 The bulk density water content, and shear strength of sediment used in laboratory 
experiments should be measured in order to determine comparability to sediment 
properties in the field. While using sediment with similar properties to that in the field is 
obviously important in terms of having a comparable level of sediment stability, it also 
helps to ensure that the bioturbators themselves exhibit similar behavior to what would be 
expected their natural environment. Bulk density and water content measurements can 
also be used to assess the effects of bioturbation. However, since changes in these 
properties may only occur at the sediment surface, and sometimes only in sediment that 
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has been pelletized, standard methods for measuring them may not capture such small 
changes. Shear strength may be measured with a shear vane, penetrometer, or similar 
instrument. However, like density measurements, this may not capture changes in shear 
strength at the sediment surface due to integration of shear strength over some depth of 
sediment, typically the top centimeter or two (Grant and Daborn, 1994). 
 
3. Roughness 
 Increased surface roughness has been found to increase turbulence which, in turn, 
increases shear stress and erosion (Le Hir et al., 2007; Nowell et al., 1981). Biogenic 
structures, such as tubes, tracks, pellets, mounds, and aboveground burrow structures, all 
create a greater obstruction to flow than a flat sediment surface, facilitating greater 
mobilization and transport of bioturbated sediment compared to undisturbed sediment. 
Despite its importance to sediment stability, roughness created by bioturbation can be 
difficult to quantify. Roughness length (z0) can be determined from the logarithmic part 
of the flow profile; the plot of u(z) versus ln(z), where u(z) is the mean horizontal 
velocity at height z, yields a linear relationship with an intercept at ln(z0) (Orvain et al., 
2004). This calculation requires the collection of velocity measurements at several 
heights above the bed and the assumption of a logarithmic profile. However, annular 
flumes, which are commonly used for studying the effects of bioturbation, cause 
compression of the boundary layer, preventing the calculation of bed roughness from the 
log profile of current velocities (Needham et al., 2013). 
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 In cases where calculating the roughness length is not possible, it may be 
desirable to use other means of assessing surface roughness. These may include a fairly 
simplistic visual assessment of the height and spacing of biogenic structures, or a more 
exacting method; stereophotogrammetry is sometimes utilized for this purpose (Lyons et 
al., 2002; Wheatcroft, 1994). Roughness may be reported as root mean squared (rms) 
roughness height, height distribution histogram, average peak spacing (or average 
roughness), average peak width, roughness power spectra, or other relevant statistics 
(Briggs, 1989; Jackson and Briggs, 1992; Wheatcroft, 1994).  
 
 
4. Erodibility 
 Sediment erodibility is defined relative to measured current velocities and 
estimated bed shear stresses, and may be expressed in terms of a critical erosion 
threshold, erosion rate, and/or mass of sediment eroded per unit surface area (Widdows 
and Brinsley, 2002). The combined effects of bioturbation, including the removal of 
stabilizing microphytobenthos, the pelletization of sediment, and the formation of 
aboveground structures, often serve to reduce the critical velocity and shear stress for 
erosion (Widdows et al., 2009). For some species, the effects of intertidal biota on 
sediment stability are related to population density. For example, in-situ flume studies 
have found that the presence of a well-developed microphytobenthos and low densities of 
Macoma balthica, a marine bivalve mollusk, are associated with low erosion rates and a 
critical erosion velocity of 0.35m/s. At high densities of M. balthica and reduced 
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microphytobenthos, the critical erosion threshold of the surficial sediment is reduced to 
<0.15 m/s and erosion rates experience a 10 to 100-fold increase (Widdows et al., 2000a, 
2000b). In other species, population density does not appear to influence the critical 
erosion threshold (Grant and Daborn, 1994) but, along with burrow architecture, does 
affect erosion rates. A study of the burrowing crab species Neohelice granulate revealed 
that densely spaced burrows with funnel-shaped openings serve to trap sediment and 
reduce erosion rates, whereas more sparse burrows with aboveground structures, closed 
openings, or in high velocity flow environments will likely increase erosion rates (Escapa 
et al., 2008). 
 One common method for calculating the critical erosion threshold uses suspended 
sediment data collected by an optical backscatter sensor (OBS). Once the OBS has been 
calibrated to known suspended sediment concentrations, critical erosion velocities 
required to erode a specific mass of sediment can be calculated based on the linear 
relationship between the log of suspended sediment concentration and the current 
velocity, or the log of the maximum erosion rate and the current velocity (Needham et al., 
2013; Widdows et al., 1998). The critical shear stress can either be calculated from 
velocity measurements using the inertial dissipation method (IDM) or turbulent kinetic 
energy method (TKE) (Stapleton and Huntley, 1995), or measured directly with a stress 
sensor (Grant and Gust, 1987; Gust, 1988). The erosion rate, in terms of volume or mass 
eroded per unit area or time at a given flow velocity, may also be calculated using an 
OBS calibration curve for the sediment being studied (Needham et al., 2013). However, 
the use of OBS data to measure erosion has limitations, and its appropriateness may 
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depend on the laboratory setup and the type of sediment and bioturbation being 
evaluated. For example, the return pump in a re-circulating flume would break up 
pelletized sediment, changing the effective grain size, a parameter which affects OBS 
calibration. In cases where the use of OBS data to quantify erosion is not possible, other 
means, such as a simple visual assessment, may be required (Nowell et al., 1981). 
 It is important to keep in mind the differences between the erosion threshold and 
erosion rate. The erosion threshold is a good measure of surface stability, but the erosion 
rate may be a better indicator of the amount of sediment resuspension and removal 
(Blanchard et al., 1997). As mentioned previously, a decoupling of erosion thresholds and 
rates has been observed for some species. The amphipod Corophium volutator inhibits 
diatom films, which has a destabilizing effect on erosion thresholds, but also binds 
sediment into its burrows, which has a stabilizing effect on sediment transport rates 
(Grant and Daborn, 1994). Due to the fact that a single species may have opposite effects 
on these two measures of erodibility, both measurements should be taken in order to fully 
elucidate the impacts of bioturbation on sediment stability. 
 
5. Other considerations 
 Transport of sediment from the field to a lab setting may cause disturbances to the 
sediment in the form of vibration, compaction/consolidation, and water loss. The 
combined effects of these physical disturbances, ongoing biological activity, and changes 
in organism behavior during transport and storage have been shown to lead to 
significantly different shear strengths (Grant and Daborn, 1994) and erosion thresholds 
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(Tolhurst et al., 2000) from those observed in situ. In order to minimize these effects, 
transportation and storage times should be minimized to the extent possible, and any 
changes in sediment properties should be documented. Tolhurst et al. (2000) also found 
that user bias in site selection can affect the results of stability studies in areas with 
significant small-scale spatial variation. To minimize this effect, sediment should be 
collected from randomly selected locations. 
 
6. Example 
 A recent study (Farron et al., submitted) of the effects of burrowing marsh crabs 
on sediment erosion will be used to illustrate some of the factors which must be 
considered when studying bioturbation in the lab. In this study, a non-recirculating 
racetrack flume was used to compare the effects of bioturbation by two common marsh 
crab species: Uca pugnax, a deposit feeder which constructs simple, chimney-like 
burrows, and Sesarma reticulatum, an herbivorous crab which builds extensive, 
interconnected burrows. Measurements of sediment surface elevation and flow velocities 
revealed that burrowing and feeding by S. reticulatum, to a greater extent than U. pugnax, 
increase surface roughness (34% increase for U. pugnax, 124% increase for S. 
reticulatum), decrease the threshold velocity and shear stress required for erosion of flocs 
(approximately 50% decrease for both species), and increase the volume of sediment 
eroded at high velocities (60% for U. pugnax, 1132% for S. reticulatum) compared to 
unburrowed control treatments. 
  
107 
 The study included the comparison of two different species in order to 
contextualize the effects of each, and, specifically, to determine whether S. reticulatum 
significantly increased sediment erodibility compared to other common burrowing 
species. Gender ratios were kept constant, since females tend to burrow more than males, 
and population densities per unit area were equivalent to those observed in the field. 
Unvegetated marsh sediment, which was collected from the edges of pools and channel 
banks, was used in these experiments in order to remove the confounding effects of 
vegetation and rooting on sediment erodibility. Although this sort of simplification can be 
helpful in isolating the effects of the species being studied, it should be noted that the 
absence of vegetation may have facilitated greater erosion than would be possible under 
vegetated conditions. In addition to the removal of the stabilizing effects of vegetation, 
crabs preferentially burrow in unvegetated sediment (Ringold, 1979). The removal of 
obstructions to digging may have increased burrowing activity, further facilitating 
erosion. In addition, during the experiment, both species were observed to preferentially 
dig along the sides of their containers, likely due to the reduced obstruction to burrowing 
and increased stability provided by the container walls. 
 In this study, the critical threshold for erosion of different particle types 
(individual grains, flocs or pellets, and aboveground burrow structures) was evaluated by 
gradually increasing flow velocities as the flume tank drained. In this case, it would not 
have been possible to make a distinction between particle types using OBS data alone. In 
addition, infrequent logging of voltage readings from the OBS relative to the flow 
acceleration rate and length of each flume run made precise determination of the time of 
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initiation of motion difficult. Instead, it was necessary to determine erosion thresholds by 
visual assessment, linking the time of initiation of motion to the velocity recorded at that 
time. Shear strength was calculated from acoustic Doppler velocimeter (ADV) 
measurements using the TKE method (Stapleton and Huntley, 1995). 
 Ground-based LIDAR (Z + F Laser Imager 5003) was used to quantify the impact 
of burrowing on surface roughness and assess surface erosion before and after the flume 
experiments. This allowed for accurate quantification of both the morphologic changes 
caused by burrowing and the volume of sediment eroded. Surface roughness due to 
burrowing was represented by taking the standard deviation among all surface elevation 
points within each container. The difference between the before-flume and after-flume 
surface elevations was calculated to determine the volume of sediment lost to erosion in 
the flume, which could be converted to sediment mass eroded using the measured bulk 
density. During the experiments, flow velocities exceeded those typical of day-to-day 
conditions on the marsh, but were comparable to velocities achieved during large storms. 
Given this setup, while the critical threshold velocities may be considered representative 
of in-situ erosion patterns, the erosion rates measured were only applicable for storm 
conditions. 
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APPENDIX B 
SUPPLEMENTAL FIGURES AND TABLES TO CHAPTER 1 
 
Figure A-1. Example of flow velocities recorded over the course of one run, showing a pattern typical of all 
flume runs.   
 
 
 
 
 
 
 
 
 
 
Figure A-2. Sediment particle types: a. fine grains in suspension; b. feeding or fecal pellets (flocs); and c. large 
sediment structures built by crabs during burrowing.   
A B 
C 
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  Control U. pugnax S. reticulatum 
Mean Standard Deviation, Pre-Flume 
(mm) 
6.07 ± 0.14 8.11 ± 1.25 13.58 ± 0.78 
Mean Standard Deviation, Post-Flume 
(mm) 
5.84 ± 0.12 7.37 ± 0.66 12.27 ± 0.23 
Volume Loss (mm/m2) 0.30 ± 0.62 0.48 ± 0.88 3.73 ± 1.91 
Threshold Velocity, Fines (m/s) N/A 0.02 ± 0 0.10 ± 0.04 
Threshold Velocity, Flocs (m/s) 0.21 ± 0.07 0.09 ± 0.02 0.10 ± 0.02 
Threshold Velocity, Structures (m/s) N/A 0.61 ± 0.05 0.62 ± 0.04 
Threshold Shear Stress, Fines (Pa) N/A 0.01 ± 0 0.09 ± 0.07 
Threshold Shear Stress, Flocs (Pa) 0.38 ± 0.24 0.05 ± 0.01 0.06 ± 0.02 
Threshold Shear Stress, Structures (Pa) N/A 1.87 ± 0.29 1.90 ± 0.20 
Downstream - Upstream Turbidity (NTU) -0.60 ± 0.69 -0.21 ± 1.15  2.72 ± 1.52 
Table A-1. Parameters measured for each treatment type. Standard deviation in sediment surface elevations 
indicates surface roughness. Volume of sediment lost to erosion in the flume is expressed in terms of sediment 
depth per unit surface area. Threshold velocities and shear strengths are those required for initiation of motion 
of the various types of sediment particles. 
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APPENDIX C 
SEDIMENT CORE PROPERTIES 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
6 2012 GA1L 31.40897 81.29612 0.750 0-5 0.21 26.78 6.87 
      5-10 0.20 21.45 2.23 
      10-20 0.22 19.56 3.40 
      20-30 0.17 25.02 1.32 
      30-40 0.19 24.64  
      40-50 0.19 23.80  
6 2012 GA1D 31.40898 81.29613 0.637 0-5 0.15 25.71 3.66 
      5-10 0.13 21.95 1.40 
      10-20 0.11 22.00 0.69 
      20-30 0.16 21.17 0.20 
      30-40 0.18 21.02  
      40-50 0.22 28.98  
6 2012 GA1M 31.40899 81.29614 0.525 0-5 0.13 20.80 0.23 
      5-10 0.13 21.59 0.31 
      10-20 0.16 26.36 0.63 
      20-30 0.17 22.90 0.29 
      30-40 0.17 20.53  
      40-50 0.15 20.30  
6 2012 GA1R 31.40901 81.29619 0.538 0-5 0.13 22.49 0.28 
      5-10 0.15 18.94 0.36 
      10-20 0.16 20.88 0.22 
      20-30 0.14 19.52 0.64 
      30-40 0.19 24.46  
      40-50 0.17 19.32  
6 2012 GA2L 31.40902 81.29610 0.753 0-5 0.23 36.49 8.78 
      5-10 0.19 35.43 3.86 
      10-20 0.16 27.12 2.53 
      20-30 0.21 24.10 0.98 
      30-40 0.22 22.21  
      40-50 0.20 20.83  
6 2012 GA2D 31.40903 81.29612 0.650 0-5 0.08 33.53 2.25 
      5-10 0.15 23.32 1.28 
      10-20 0.20 20.54 1.53 
      20-30 0.21 22.66 1.36 
      30-40 0.22 23.62  
      40-50 0.22 24.13  
6 2012 GA2M 31.40903 81.29613 0.576 0-5 0.14 25.39 0.34 
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     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      5-10 0.19 26.10 0.56 
      10-20 0.20 21.75 0.49 
      20-30 0.19 26.29 0.31 
      30-40 0.29 28.58  
      40-50 0.24 18.91  
6 2012 GA2R 31.40904 81.29619 0.547 0-5 0.16 20.94 1.33 
      5-10 0.17 20.44 1.32 
      10-20 0.19 22.26 2.33 
      20-30 0.16 23.37 0.68 
      30-40 0.18 22.27  
      40-50 0.19 22.37  
6 2012 GA3L 31.40906 81.29609 0.777 0-5 0.15 41.22 5.30 
      5-10 0.19 26.91 3.72 
      10-20 0.16 22.55 3.03 
      20-30 0.15 26.58 0.62 
      30-40 0.19 23.08  
      40-50 0.20 21.97  
6 2012 GA3D 31.40907 81.29611 0.615 0-5 0.13 30.46 5.65 
      5-10 0.09 22.03 0.92 
      10-20 0.14 19.46 1.90 
      20-30 0.14 21.94 0.26 
      30-40 0.20 19.30  
      40-50 0.21 15.44  
6 2012 GA3M 31.40907 81.29612 0.529 0-5 0.13 21.32 1.19 
      5-10 0.16 23.31 0.60 
      10-20 0.14 19.95 0.17 
      20-30 0.16 18.74 0.09 
      30-40 0.28 15.54  
      40-50 0.22 15.60  
6 2012 GA3R 31.40908 81.29617 0.558 0-5 0.22 22.16 0.35 
      5-10 0.15 20.45 0.27 
      10-20 0.23 17.87 0.18 
      20-30 0.24 20.96 0.31 
      30-40 0.34 21.65  
      40-50 0.27 23.64  
6 2012 GA4L 31.40911 81.29609 0.734 0-5 0.14 42.76 5.80 
      5-10 0.15 27.49 3.62 
      10-20 0.17 21.53 0.98 
      20-30 0.18 18.18 0.41 
      30-40 0.24 25.18  
      40-50 0.22 16.90  
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     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
6 2012 GA4D 31.40910 81.29611 0.499 0-5 0.09 51.59 5.39 
      5-10 0.13 28.78 2.35 
      10-20 0.23 19.33 0.97 
      20-30 0.18 19.36 0.32 
      30-40 0.20 19.53  
      40-50 0.27 23.96  
6 2012 GA4M 31.40909 81.29613 0.460 0-5   1.01 
      5-10 0.11 22.96 1.22 
      10-20 0.19 19.81 0.10 
      20-30 0.18 20.10 0.58 
      30-40 0.23 23.27  
      40-50 0.25 24.23  
6 2012 GA4R 31.40910 81.29618 0.633 0-5 0.19 20.30 1.17 
      5-10 0.12 21.77 2.25 
      10-20 0.17 21.32 2.54 
      20-30 0.18 17.79 1.08 
      30-40 0.23 16.70  
      40-50 0.21 20.03  
6 2012 GA5L 31.40919 81.29623 0.737 0-5 0.21 30.50 5.88 
      5-10 0.22 19.89 1.97 
      10-20 0.20 23.39 -0.12 
      20-30 0.19 21.06 0.44 
      30-40 0.20 21.76  
      40-50 0.23 18.26  
6 2012 GA5D 31.40918 81.29625 0.439 0-5 0.15 31.75 2.96 
      5-10 0.18 19.83 1.16 
      10-20 0.19 22.16 1.11 
      20-30 0.19 24.78 0.71 
      30-40 0.21 26.83  
      40-50 0.20 17.33  
6 2012 GA5M 31.40917 81.29627 0.477 0-5 0.13 19.33 0.38 
      5-10 0.16 21.62 1.01 
      10-20 0.20 23.82 0.49 
      20-30 0.21 20.75 0.11 
      30-40 0.22 25.95  
      40-50 0.26 16.63  
6 2012 GA5R 31.40914 81.29630 0.540 0-5 0.12 20.02 0.20 
      5-10 0.15 20.96 0.36 
      10-20 0.16 20.92 1.30 
      20-30 0.18 27.29 1.90 
      30-40 0.22 22.54  
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     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      40-50 0.24 21.16  
6 2012 GA6L 31.40922 81.29631 0.761 0-5 0.20 35.08 5.97 
      5-10 0.07 20.87 0.74 
      10-20 0.13 18.89 0.77 
      20-30 0.22 18.69 0.18 
      30-40 0.22 22.27  
      40-50 0.22 20.13  
6 2012 GA6D 31.40921 81.29631 0.438 0-5 0.12 28.39 2.96 
      5-10 0.19 23.57 2.01 
      10-20 0.13 20.04 0.38 
      20-30 0.18 28.05 3.13 
      30-40 0.23 28.97  
      40-50 0.25 20.63  
6 2012 GA6M 31.40919 81.29631 0.377 0-5 0.24 21.32 0.63 
      5-10 0.16 21.19 0.44 
      10-20 0.18 28.67 0.67 
      20-30 0.19 20.57 0.61 
      30-40 0.19 17.47  
      40-50 0.18 17.28  
6 2012 GA6R 31.40917 81.29635 0.523 0-5 0.13 15.65 0.23 
      5-10 0.16 20.88 0.31 
      10-20 0.22 22.45 0.54 
      20-30 0.17 24.20 0.56 
      30-40 0.23 23.10  
      40-50 0.22 21.68  
6 2012 GA7L 31.40920 81.29638 0.737 0-5 0.17 36.79 7.98 
      5-10 0.22 25.92 7.69 
      10-20 0.18 18.94 2.78 
      20-30 0.18 21.77 0.54 
      30-40 0.19 25.47  
      40-50 0.18 18.59  
6 2012 GA7D 31.40919 81.29638 0.670 0-5 0.21 24.49 2.63 
      5-10 0.18 22.52 1.44 
      10-20 0.17 22.29 0.96 
      20-30 0.23 21.92 0.43 
      30-40 0.23 20.77  
      40-50 0.24 19.73  
6 2012 GA7M 31.40917 81.29639 0.531 0-5 0.16 21.98 0.60 
      5-10 0.18 21.39 0.69 
      10-20 0.17 21.68 0.54 
      20-30 0.22 20.20 0.28 
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     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      30-40 0.23 19.72  
      40-50 0.24 19.05  
6 2012 GA7R 31.40916 81.29639 0.484 0-5 0.15 20.94 0.97 
      5-10 0.15 19.80 1.86 
      10-20 0.17 23.83 1.18 
      20-30 0.17 17.55 0.25 
      30-40 0.18 19.82  
      40-50 0.19 18.85  
6 2012 GA8L 31.40921 81.29643 0.741 0-5 0.15 34.39 5.58 
      5-10 0.22 21.37 2.49 
      10-20 0.16 21.96 1.44 
      20-30 0.20 24.32 0.83 
      30-40 0.15 20.41  
      40-50 0.20 23.19  
6 2012 GA8D 31.40920 81.29643 0.666 0-5 0.11 37.76 3.15 
      5-10 0.11 22.52 0.72 
      10-20 0.13 18.22 0.23 
      20-30 0.20 23.49 2.01 
      30-40 0.24 20.18  
      40-50 0.23 20.62  
6 2012 GA8M 31.40918 81.29642 0.439 0-5 0.18 25.64 2.04 
      5-10 0.15 21.82 0.99 
      10-20 0.21 22.83 1.07 
      20-30 0.23 20.02 0.10 
      30-40 0.25 21.98  
      40-50 0.19 19.53  
6 2012 GA8R 31.40916 81.29644 0.521 0-5 0.14 23.19 1.03 
      5-10 0.16 23.43 0.51 
      10-20 0.16 25.83 0.60 
      20-30 0.22 22.88 0.68 
      30-40 0.20 21.41  
      40-50 0.20 23.38  
5 2013 GA9L    0-5 0.19 25.51 4.18 
      5-10 0.17 25.41 2.09 
      10-20 0.19 21.67 3.04 
      20-30 0.22 21.45 0.53 
      30-40 0.18 23.55  
      40-50 0.24 23.17  
5 2013 GA9D    0-5 0.22 26.28 3.55 
      5-10 0.05 24.49 0.80 
      10-20 0.10 19.90 0.81 
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     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      20-30 0.17 17.43 0.18 
      30-40 0.16 17.57  
      40-50 0.19 17.44  
5 2013 GA9M    0-5 0.10 21.29 0.04 
      5-10 0.16 21.13 0.27 
      10-20 0.22 21.58 0.20 
      20-30 0.22 17.65 0.20 
      30-40 0.23 15.78  
      40-50 0.20 16.59  
5 2013 GA9R    0-5 0.14 21.07 0.46 
      5-10 0.21 23.96 1.96 
      10-20 0.16 18.97 0.22 
      20-30 0.18 18.67 0.09 
      30-40 0.17 16.43  
      40-50    
5 2013 GA10L    0-5 0.18 25.18 5.19 
      5-10 0.17 26.76 2.32 
      10-20 0.19 25.07 1.52 
      20-30 0.23 24.99 0.45 
      30-40 0.21 21.10  
      40-50 0.23 21.17  
5 2013 GA10D    0-5 0.17 22.77 2.39 
      5-10 0.11 22.06 0.90 
      10-20 0.16 21.09 1.53 
      20-30 0.24 18.86 0.26 
      30-40 0.21 17.63  
      40-50 0.23 14.77  
5 2013 GA10M    0-5 0.14 17.80 0.06 
      5-10 0.16 17.24 0.08 
      10-20 0.19 16.48 0.25 
      20-30 0.20 24.28 0.35 
      30-40 0.21 24.53  
      40-50 0.21 22.13  
5 2013 GA10R    0-5 0.18 17.40 0.09 
      5-10 0.15 18.44 0.15 
      10-20 0.18 16.54 0.37 
      20-30 0.17 23.95 0.63 
      30-40 0.22 20.28  
      40-50 0.25 19.72  
5 2013 GA11L    0-5 0.15 33.75 3.44 
      5-10 0.14 31.35 1.52 
  
117 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      10-20 0.17 22.86 1.59 
      20-30 0.23 19.53 0.18 
      30-40 0.22 20.00  
      40-50 0.22 21.07  
5 2013 GA11D    0-5 0.08 18.56 0.13 
      5-10 0.11 20.18 0.51 
      10-20 0.15 16.25 0.20 
      20-30 0.19 15.75 0.31 
      30-40 0.12 15.86  
      40-50 0.25 15.58  
5 2013 GA11M    0-5 0.17 11.55 0.06 
      5-10 0.15 13.81 0.21 
      10-20 0.21 19.28 0.36 
      20-30 0.19 20.89 0.51 
      30-40 0.25 20.04  
      40-50 0.22 24.62 0.20 
5 2013 GA11R    0-5 0.11 20.63 0.55 
      5-10 0.14 25.96 0.71 
      10-20 0.15 22.81 1.46 
      20-30 0.14 23.17 0.12 
      30-40 0.13 19.98  
      40-50 0.20 21.99  
5 2013 GA12L    0-5 0.17 27.05 3.98 
      5-10 0.17 27.35 1.68 
      10-20 0.20 22.94 1.90 
      20-30 0.22 19.59 0.66 
      30-40 0.22 18.97  
      40-50 0.23 19.05  
5 2013 GA12D    0-5 0.10 20.96 0.80 
      5-10 0.07 21.81 0.31 
      10-20 0.19 15.67 0.52 
      20-30 0.20 14.84 0.27 
      30-40 0.19 14.91  
      40-50 0.20 21.55  
5 2013 GA12M    0-5 0.15 22.21 0.23 
      5-10 0.14 22.68 0.22 
      10-20 0.15 19.53 0.81 
      20-30 0.22 23.88 0.25 
      30-40 0.22 22.39  
      40-50 0.23 21.36  
5 2013 GA12R    0-5 0.12 15.66 0.07 
  
118 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      5-10 0.08 14.70 0.08 
      10-20 0.15 20.15 0.53 
      20-30 0.16 18.89 0.19 
      30-40 0.15 19.16  
      40-50 0.23 22.05  
5 2013 GA13L    0-5 0.14 40.73 3.24 
      5-10 0.18 29.51 2.49 
      10-20 0.16 23.75 2.84 
      20-30 0.20 24.03 1.10 
      30-40 0.22 25.40  
      40-50 0.21 23.54  
5 2013 GA13D    0-5 0.13 18.24 0.34 
      5-10 0.13 20.73 0.87 
      10-20 0.18 20.80 0.95 
      20-30 0.22 19.44 0.52 
      30-40 0.21 18.82  
      40-50 0.18 23.51  
5 2013 GA13M    0-5 0.16 19.48 0.04 
      5-10 0.18 23.65 0.26 
      10-20 0.16 21.39 0.39 
      20-30 0.23 23.01 1.15 
      30-40 0.20 19.29  
      40-50 0.22 21.18  
5 2013 GA13R    0-5 0.20 23.22 0.68 
      5-10 0.18 19.91 1.72 
      10-20 0.18 23.92 1.70 
      20-30 0.17 22.31 1.99 
      30-40 0.16 19.36  
      40-50 0.16 20.02  
5 2013 GA14L    0-5 0.13 38.05 3.25 
      5-10 0.16 23.78 2.41 
      10-20 0.16 23.38 2.60 
      20-30 0.16 16.83 0.76 
      30-40 0.24 21.11  
      40-50 0.24 23.22  
5 2013 GA14D    0-5 0.06 19.76 1.13 
      5-10 0.08 13.36 0.11 
      10-20 0.18 15.34 0.31 
      20-30 0.23 18.06 1.18 
      30-40 0.20 21.90  
      40-50 0.19 23.09  
  
119 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
5 2013 GA14M    0-5 0.20 22.11 0.12 
      5-10 0.17 22.01 0.68 
      10-20 0.20 17.67 0.54 
      20-30 0.22 23.03 0.56 
      30-40 0.20 23.97  
      40-50 0.21 16.38  
5 2013 GA14R    0-5 0.21 18.37 0.03 
      5-10 0.19 22.43 0.07 
      10-20 0.18 24.84 0.25 
      20-30 0.20 21.11 0.80 
      30-40 0.20 22.24  
      40-50 0.18 21.58  
5 2013 GA15L    0-5 0.17 31.16 8.71 
      5-10 0.16 33.66 2.68 
      10-20 0.16 25.16 2.39 
      20-30 0.18 21.16 1.29 
      30-40 0.14 19.33  
      40-50 0.24 20.82  
5 2013 GA15D    0-5 0.13 26.14 0.30 
      5-10 0.11 21.41 1.40 
      10-20 0.15 16.87 0.49 
      20-30 0.26 16.53 0.21 
      30-40 0.23 16.19  
      40-50 0.22 20.33  
5 2013 GA15M    0-5 0.08 17.18 0.03 
      5-10 0.14 16.14 0.06 
      10-20 0.16 22.19 0.70 
      20-30 0.23 22.16 0.26 
      30-40 0.24 20.73  
      40-50 0.20 21.75  
5 2013 GA15R    0-5 0.24 22.98 0.08 
      5-10 0.23 22.31 0.14 
      10-20 0.21 25.18 0.57 
      20-30 0.22 25.04 0.41 
      30-40 0.19 19.82  
      40-50 0.20 21.84  
5 2013 GA16L    0-5 0.14 29.75 4.40 
      5-10 0.21 20.08 3.79 
      10-20 0.18 26.89 1.57 
      20-30 0.21 22.18 0.57 
      30-40 0.21 18.61  
  
120 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      40-50 0.27 19.49  
5 2013 GA16D    0-5 0.10 30.57 1.80 
      5-10 0.08 27.94 1.74 
      10-20 0.15 23.10 2.20 
      20-30 0.16 23.93 0.73 
      30-40 0.23 19.73  
      40-50 0.23 19.10  
5 2013 GA16M    0-5 0.16 20.87 0.03 
      5-10 0.20 22.55 0.15 
      10-20 0.17 24.75 0.98 
      20-30 0.20 20.81 0.44 
      30-40 0.18 13.79  
      40-50 0.23 17.50  
5 2013 GA16R    0-5 0.08 18.31 0.06 
      5-10 0.15 19.13 0.07 
      10-20 0.18 22.17 0.45 
      20-30 0.17 21.65 0.66 
      30-40 0.19 17.41  
      40-50 0.15 15.82  
10 2013 GA17L 31.40922 81.29645 0.836 0-5 0.14 30.06 4.62 
      5-10 0.19 20.76 2.19 
      10-20 0.19 19.98 2.27 
      20-30 0.20 18.95 0.86 
      30-40 0.18 18.51  
      40-50 0.17 17.96  
10 2013 GA17D 31.40920 81.29645 0.785 0-5 0.12 27.00 2.85 
      5-10 0.13 21.66 0.71 
      10-20 0.10 19.64 0.44 
      20-30 0.18 19.75 0.20 
      30-40 0.18 22.05  
      40-50 0.19 26.98  
10 2013 GA17M 31.40919 81.29644 0.558 0-5 0.13 20.92 0.28 
      5-10 0.16 19.79 0.18 
      10-20 0.16 20.75 0.27 
      20-30 0.16 20.68 0.24 
      30-40 0.18 19.57  
      40-50 0.17 20.02  
10 2013 GA17R 31.40917 81.29644 0.613 0-5 0.18 20.45 0.26 
      5-10 0.17 18.52 0.10 
      10-20 0.17 20.45 1.07 
      20-30 0.17 18.82 0.29 
  
121 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      30-40 0.17 16.01  
      40-50 0.18 16.77  
10 2013 GA18L 31.40922 81.29639 0.849 0-5 0.16 29.99 5.50 
      5-10 0.16 24.79 3.14 
      10-20 0.16 21.23 2.26 
      20-30 0.18 18.39 0.60 
      30-40 0.22 19.77  
      40-50 0.17 23.50  
10 2013 GA18D 31.40921 81.29639 0.814 0-5 0.11 25.65 1.91 
      5-10 0.05 21.67 0.13 
      10-20 0.12 17.69 0.41 
      20-30 0.20 21.22 1.59 
      30-40 0.18 22.87  
      40-50 0.18 20.89  
10 2013 GA18M 31.40918 81.29639 0.539 0-5 0.15 20.71 0.22 
      5-10 0.17 19.46 0.15 
      10-20 0.16 18.94 0.31 
      20-30 0.13 19.39 0.31 
      30-40 0.18 15.72  
      40-50 0.22 15.89  
10 2013 GA18R 31.40917 81.29639 0.611 0-5 0.15 19.32 0.05 
      5-10 0.16 20.88 0.16 
      10-20 0.19 19.51 0.37 
      20-30 0.19 18.33 0.13 
      30-40 0.20 18.32  
      40-50 0.15 16.75  
10 2013 GA19L 31.40924 81.29633 0.832 0-5 0.10 37.04 3.88 
      5-10 0.15 25.15 2.17 
      10-20 0.18 24.75 1.61 
      20-30 0.19 20.97 0.85 
      30-40 0.18 24.08  
      40-50 0.19 28.48  
10 2013 GA19D 31.40922 81.29633 0.775 0-5 0.06 33.68 2.06 
      5-10 0.07 43.07 2.04 
      10-20 0.12 21.95 0.74 
      20-30 0.15 23.48 0.59 
      30-40 0.20 18.26  
      40-50 0.09 16.96  
10 2013 GA19M 31.40920 81.29632 0.534 0-5 0.14 20.36 0.11 
      5-10 0.15 21.19 0.44 
      10-20 0.17 26.11 0.40 
  
122 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      20-30 0.19 20.63 0.23 
      30-40 0.19 21.74  
      40-50 0.16 22.05  
10 2013 GA19R 31.40918 81.29633 0.486 0-5 0.12 19.68 0.11 
      5-10 0.15 21.51 0.31 
      10-20 0.18 20.13 0.60 
      20-30 0.19 22.23 0.47 
      30-40 0.18 22.52  
      40-50 0.16 19.33  
10 2013 GA21L 31.40913 81.29607 0.858 0-5 0.13 30.29 5.37 
      5-10 0.14 25.12 1.40 
      10-20 0.19 21.32 0.49 
      20-30 0.22 19.08 0.18 
      30-40 0.20 17.45  
      40-50 0.22 17.28  
10 2013 GA21D 31.40913 81.29609 0.799 0-5 0.10 45.39 4.55 
      5-10 0.10 26.42 1.35 
      10-20 0.13 19.93 0.28 
      20-30 0.19 19.41 0.13 
      30-40 0.22 18.38  
      40-50 0.21 17.54  
10 2013 GA21M 31.40911 81.29612 0.685 0-5 0.12 19.76 0.10 
      5-10 0.16 18.54 0.08 
      10-20 0.15 20.49 0.80 
      20-30 0.17 26.66 0.17 
      30-40 0.18 20.73  
      40-50 0.16 20.00  
10 2013 GA21R 31.40909 81.29615 0.631 0-5 0.14 20.46 0.05 
      5-10 0.20 21.17 0.08 
      10-20 0.19 18.79 0.13 
      20-30 0.20 24.24 0.42 
      30-40 0.21 25.66 0.11 
      40-50 0.21 21.83 0.03 
10 2013 GA22L 31.40909 81.29606 0.853 0-5 0.17 27.48 3.45 
      5-10 0.18 23.74 19.68 
      10-20 0.19 18.33 3.57 
      20-30 0.15 17.76 0.04 
      30-40 0.16 18.44 0.13 
      40-50 0.21 26.93 0.93 
10 2013 GA22D 31.40909 81.29608 0.755 0-5 0.12 29.89 3.21 
      5-10 0.13 22.46 1.47 
  
123 
     elevation depth 
bulk 
density 
organic 
content biomass 
month year core latitude longitude MSL cm g/cm3 % g 
      10-20 0.15 18.71 0.14 
      20-30 0.16 22.38 0.11 
      30-40 0.20 24.62 0.80 
      40-50 0.21 18.54 0.08 
10 2013 GA22M 31.40908 81.29611 0.712 0-5 0.13 18.57 -0.01 
      5-10 0.19 18.68 0.11 
      10-20 0.18 21.39 0.17 
      20-30 0.20 24.56 0.09 
      30-40 0.21 15.73 0.07 
      40-50 0.20 17.53 0.16 
10 2013 GA22R 31.40907 81.29617 0.605 0-5 0.15 16.74 0.01 
      5-10 0.17 18.00 0.33 
      10-20 0.17 19.49 0.60 
      20-30 0.17 20.36 0.26 
      30-40 0.19 19.10 0.08 
      40-50 0.19 15.91 0.10 
10 2013 GA23L    0-5 0.15 32.48 6.07 
      5-10 0.22 28.40 2.30 
      10-20 0.22 20.17 1.06 
      20-30 0.26 20.39 0.85 
      30-40 0.21 28.48 3.13 
      40-50 0.14 25.49 0.20 
10 2013 GA23D 31.40903 81.29609 0.850 0-5 0.11 32.79 6.11 
      5-10 0.04 26.31 0.80 
      10-20 0.24 24.26 0.41 
      20-30 0.22 22.80 0.07 
      30-40 0.21 23.24 0.91 
      40-50 0.22 24.23 0.07 
10 2013 GA23M 31.40904 81.29612 0.734 0-5 0.16 23.33 0.14 
      5-10 0.19 21.52 0.18 
      10-20 0.19 18.74 0.03 
      20-30 0.20 25.86 0.17 
      30-40 0.21 19.30 0.14 
      40-50 0.17 22.89 0.04 
10 2013 GA23R 31.40903 81.29617 0.724 0-5 0.12 20.96 1.06 
      5-10 0.14 22.41 0.88 
      10-20 0.19 22.06 0.73 
      20-30 0.19 24.02 0.17 
      30-40 0.23 23.05 0.17 
      40-50 0.23 22.71 0.03 
 
  
124 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA1L 2.5 40.42 
6 2012 GA1L 12.5 40.42 
6 2012 GA1L 22.5 20.21 
6 2012 GA1L 32.5 23.44 
6 2012 GA1L 42.5 21.83 
6 2012 GA1L 52.5 24.25 
6 2012 GA1L 62.5 19.40 
6 2012 GA1L 72.5 18.59 
6 2012 GA1L 82.5 19.40 
6 2012 GA1L 92.5 24.25 
6 2012 GA1D 12.5 12.13 
6 2012 GA1D 22.5 12.93 
6 2012 GA1D 32.5 12.13 
6 2012 GA1D 42.5 21.02 
6 2012 GA1D 52.5 20.21 
6 2012 GA1D 62.5 16.17 
6 2012 GA1D 72.5 15.36 
6 2012 GA1D 82.5 15.36 
6 2012 GA1D 92.5 18.59 
6 2012 GA1M 2.5 8.89 
6 2012 GA1M 12.5 12.13 
6 2012 GA1M 32.5 18.59 
6 2012 GA1M 42.5 15.36 
6 2012 GA1M 52.5 16.98 
6 2012 GA1M 62.5 19.40 
6 2012 GA1M 72.5 31.53 
6 2012 GA1M 82.5 22.64 
6 2012 GA1M 92.5 38.00 
6 2012 GA1R 2.5 9.70 
6 2012 GA1R 12.5 6.47 
6 2012 GA1R 22.5 4.85 
6 2012 GA1R 32.5 17.78 
6 2012 GA1R 42.5 18.59 
6 2012 GA1R 52.5 10.51 
6 2012 GA1R 62.5 16.17 
6 2012 GA1R 72.5 16.17 
6 2012 GA1R 82.5 21.02 
6 2012 GA1R 92.5 21.02 
6 2012 GA2L 2.5 40.42 
6 2012 GA2L 12.5 17.78 
6 2012 GA2L 22.5 12.13 
  
125 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA2L 32.5 17.78 
6 2012 GA2L 42.5 15.36 
6 2012 GA2L 52.5 6.47 
6 2012 GA2L 62.5 10.51 
6 2012 GA2L 72.5 12.93 
6 2012 GA2L 82.5 10.51 
6 2012 GA2L 92.5 15.36 
6 2012 GA2D 2.5 40.42 
6 2012 GA2D 12.5 8.89 
6 2012 GA2D 32.5 9.70 
6 2012 GA2D 42.5 15.36 
6 2012 GA2D 52.5 13.74 
6 2012 GA2D 62.5 13.74 
6 2012 GA2D 72.5 10.51 
6 2012 GA2D 82.5 12.93 
6 2012 GA2D 92.5 12.93 
6 2012 GA2M 2.5 5.50 
6 2012 GA2M 32.5 29.10 
6 2012 GA2M 42.5 19.40 
6 2012 GA2M 52.5 18.59 
6 2012 GA2M 62.5 21.83 
6 2012 GA2M 72.5 19.40 
6 2012 GA2M 82.5 21.83 
6 2012 GA2M 92.5 28.29 
6 2012 GA2R 2.5 2.43 
6 2012 GA2R 12.5 9.70 
6 2012 GA2R 22.5 28.29 
6 2012 GA2R 32.5 26.68 
6 2012 GA2R 42.5 4.37 
6 2012 GA2R 52.5 7.60 
6 2012 GA2R 62.5 21.83 
6 2012 GA2R 72.5 25.06 
6 2012 GA2R 82.5 25.87 
6 2012 GA2R 92.5 18.59 
6 2012 GA3L 2.5 16.98 
6 2012 GA3L 12.5 12.13 
6 2012 GA3L 22.5 17.78 
6 2012 GA3L 32.5 19.40 
6 2012 GA3L 42.5 25.87 
6 2012 GA3L 52.5 18.59 
6 2012 GA3L 62.5 19.40 
  
126 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA3L 72.5 18.59 
6 2012 GA3L 82.5 16.98 
6 2012 GA3L 92.5 13.74 
6 2012 GA3D 12.5 19.40 
6 2012 GA3D 42.5 15.36 
6 2012 GA3D 52.5 13.74 
6 2012 GA3D 62.5 13.74 
6 2012 GA3D 72.5 18.59 
6 2012 GA3D 82.5 15.36 
6 2012 GA3D 92.5 14.55 
6 2012 GA3M 2.5 6.06 
6 2012 GA3M 12.5 13.34 
6 2012 GA3M 22.5 7.28 
6 2012 GA3M 32.5 13.74 
6 2012 GA3M 42.5 15.76 
6 2012 GA3M 52.5 13.74 
6 2012 GA3M 62.5 25.87 
6 2012 GA3M 72.5 27.49 
6 2012 GA3M 82.5 25.06 
6 2012 GA3M 92.5 27.49 
6 2012 GA3R 2.5 8.89 
6 2012 GA3R 12.5 34.76 
6 2012 GA3R 32.5 8.08 
6 2012 GA3R 42.5 7.28 
6 2012 GA3R 52.5 17.78 
6 2012 GA3R 62.5 8.89 
6 2012 GA3R 72.5 21.02 
6 2012 GA3R 82.5 21.83 
6 2012 GA3R 92.5 29.91 
6 2012 GA4L 2.5 40.42 
6 2012 GA4L 12.5 25.06 
6 2012 GA4L 22.5 12.13 
6 2012 GA4L 32.5 8.89 
6 2012 GA4L 42.5 6.87 
6 2012 GA4L 52.5 7.68 
6 2012 GA4L 62.5 15.36 
6 2012 GA4L 72.5 8.49 
6 2012 GA4L 82.5 14.96 
6 2012 GA4L 92.5 16.57 
6 2012 GA4D 2.5 12.93 
6 2012 GA4D 12.5 40.42 
  
127 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA4D 22.5 16.98 
6 2012 GA4D 32.5 16.17 
6 2012 GA4D 42.5 10.51 
6 2012 GA4D 52.5 16.98 
6 2012 GA4D 62.5 16.98 
6 2012 GA4D 72.5 11.32 
6 2012 GA4D 82.5 21.83 
6 2012 GA4D 92.5 18.59 
6 2012 GA4M 2.5 4.04 
6 2012 GA4M 12.5 12.93 
6 2012 GA4M 22.5 13.74 
6 2012 GA4M 32.5 27.49 
6 2012 GA4M 42.5 14.55 
6 2012 GA4M 52.5 9.30 
6 2012 GA4M 62.5 11.32 
6 2012 GA4M 72.5 6.87 
6 2012 GA4M 82.5 13.74 
6 2012 GA4M 92.5 40.42 
6 2012 GA4R 2.5 6.87 
6 2012 GA4R 12.5 16.98 
6 2012 GA4R 22.5 40.42 
6 2012 GA4R 32.5 40.42 
6 2012 GA4R 42.5 40.42 
6 2012 GA4R 52.5 40.42 
6 2012 GA4R 62.5 40.42 
6 2012 GA4R 72.5 33.14 
6 2012 GA4R 82.5 25.87 
6 2012 GA4R 92.5 40.42 
6 2012 GA5L 2.5 22.64 
6 2012 GA5L 12.5 16.98 
6 2012 GA5L 22.5 12.93 
6 2012 GA5L 32.5 11.32 
6 2012 GA5L 42.5 8.08 
6 2012 GA5L 52.5 22.64 
6 2012 GA5L 62.5 22.64 
6 2012 GA5L 72.5 14.55 
6 2012 GA5L 82.5 10.51 
6 2012 GA5L 92.5 13.74 
6 2012 GA5D 12.5 15.36 
6 2012 GA5D 22.5 21.02 
6 2012 GA5D 32.5 15.36 
  
128 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA5D 42.5 12.13 
6 2012 GA5D 52.5 12.93 
6 2012 GA5D 62.5 10.51 
6 2012 GA5D 72.5 9.70 
6 2012 GA5D 82.5 12.13 
6 2012 GA5D 92.5 12.13 
6 2012 GA5M 22.5 10.51 
6 2012 GA5M 32.5 10.91 
6 2012 GA5M 42.5 10.91 
6 2012 GA5M 52.5 13.34 
6 2012 GA5M 62.5 13.74 
6 2012 GA5M 72.5 13.74 
6 2012 GA5M 82.5 14.96 
6 2012 GA5M 92.5 14.15 
6 2012 GA5R 2.5 33.95 
6 2012 GA5R 22.5 6.47 
6 2012 GA5R 32.5 12.93 
6 2012 GA5R 42.5 6.47 
6 2012 GA5R 52.5 11.32 
6 2012 GA5R 62.5 11.32 
6 2012 GA5R 72.5 8.89 
6 2012 GA5R 82.5 8.89 
6 2012 GA5R 92.5 0.97 
6 2012 GA6L 2.5 40.42 
6 2012 GA6L 12.5 12.93 
6 2012 GA6L 22.5 9.70 
6 2012 GA6L 32.5 10.51 
6 2012 GA6L 42.5 17.78 
6 2012 GA6L 52.5 10.51 
6 2012 GA6L 62.5 12.93 
6 2012 GA6L 72.5 12.93 
6 2012 GA6L 82.5 11.32 
6 2012 GA6L 92.5 10.51 
6 2012 GA6D 22.5 20.21 
6 2012 GA6D 32.5 16.17 
6 2012 GA6D 42.5 4.85 
6 2012 GA6D 52.5 17.78 
6 2012 GA6D 62.5 15.36 
6 2012 GA6D 72.5 12.93 
6 2012 GA6D 82.5 12.93 
6 2012 GA6D 92.5 13.74 
  
129 
   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA6M 2.5 10.91 
6 2012 GA6M 12.5 19.40 
6 2012 GA6M 22.5 11.32 
6 2012 GA6M 32.5 19.40 
6 2012 GA6M 42.5 16.98 
6 2012 GA6M 52.5 16.98 
6 2012 GA6M 62.5 18.59 
6 2012 GA6M 72.5 15.36 
6 2012 GA6M 82.5 14.55 
6 2012 GA6M 92.5 17.78 
6 2012 GA6R 2.5 10.51 
6 2012 GA6R 12.5 29.91 
6 2012 GA6R 22.5 15.36 
6 2012 GA6R 32.5 12.13 
6 2012 GA6R 42.5 14.55 
6 2012 GA6R 52.5 15.36 
6 2012 GA6R 62.5 12.93 
6 2012 GA6R 72.5 12.93 
6 2012 GA6R 82.5 12.13 
6 2012 GA6R 92.5 12.93 
6 2012 GA7L 2.5 40.42 
6 2012 GA7L 12.5 13.74 
6 2012 GA7L 22.5 11.32 
6 2012 GA7L 32.5 22.64 
6 2012 GA7L 42.5 14.55 
6 2012 GA7L 52.5 12.13 
6 2012 GA7L 62.5 7.28 
6 2012 GA7L 72.5 10.51 
6 2012 GA7L 82.5 11.32 
6 2012 GA7L 92.5 9.70 
6 2012 GA7D 12.5 4.85 
6 2012 GA7D 22.5 21.02 
6 2012 GA7D 32.5 15.36 
6 2012 GA7D 52.5 8.89 
6 2012 GA7D 62.5 9.70 
6 2012 GA7D 72.5 12.93 
6 2012 GA7D 82.5 16.17 
6 2012 GA7D 92.5 14.55 
6 2012 GA7M 12.5 11.72 
6 2012 GA7M 22.5 5.66 
6 2012 GA7M 32.5 9.70 
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   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA7M 42.5 14.55 
6 2012 GA7M 52.5 12.93 
6 2012 GA7M 62.5 16.98 
6 2012 GA7M 72.5 16.17 
6 2012 GA7M 82.5 19.40 
6 2012 GA7M 92.5 15.36 
6 2012 GA7R 2.5 7.28 
6 2012 GA7R 12.5 9.70 
6 2012 GA7R 22.5 21.83 
6 2012 GA7R 32.5 17.78 
6 2012 GA7R 42.5 21.02 
6 2012 GA7R 52.5 13.74 
6 2012 GA7R 62.5 12.93 
6 2012 GA7R 72.5 16.98 
6 2012 GA7R 82.5 16.17 
6 2012 GA7R 92.5 16.17 
6 2012 GA8L 2.5 40.42 
6 2012 GA8L 12.5 17.78 
6 2012 GA8L 22.5 14.55 
6 2012 GA8L 32.5 21.02 
6 2012 GA8L 42.5 20.21 
6 2012 GA8L 52.5 14.55 
6 2012 GA8L 62.5 5.66 
6 2012 GA8L 72.5 16.17 
6 2012 GA8L 82.5 13.74 
6 2012 GA8L 92.5 12.93 
6 2012 GA8D 12.5 15.36 
6 2012 GA8D 22.5 31.53 
6 2012 GA8D 32.5 17.78 
6 2012 GA8D 42.5 12.13 
6 2012 GA8D 52.5 16.17 
6 2012 GA8D 62.5 13.74 
6 2012 GA8D 72.5 18.59 
6 2012 GA8D 82.5 16.98 
6 2012 GA8D 92.5 15.36 
6 2012 GA8M 2.5 5.66 
6 2012 GA8M 12.5 4.85 
6 2012 GA8M 22.5 14.55 
6 2012 GA8M 32.5 16.17 
6 2012 GA8M 42.5 14.55 
6 2012 GA8M 52.5 14.15 
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   depth 
shear 
strength 
month year core cm kPa 
6 2012 GA8M 62.5 2.83 
6 2012 GA8M 72.5 11.32 
6 2012 GA8M 82.5 12.13 
6 2012 GA8M 92.5 12.13 
6 2012 GA8R 2.5 4.04 
6 2012 GA8R 12.5 10.11 
6 2012 GA8R 22.5 4.85 
6 2012 GA8R 32.5 7.68 
6 2012 GA8R 42.5 12.13 
6 2012 GA8R 52.5 14.15 
6 2012 GA8R 62.5 13.74 
6 2012 GA8R 72.5 12.53 
6 2012 GA8R 82.5 14.15 
6 2012 GA8R 92.5 13.34 
5 2013 GA9L 2.5 40.42 
5 2013 GA9L 12.5 18.59 
5 2013 GA9L 22.5 16.98 
5 2013 GA9L 32.5 12.13 
5 2013 GA9L 42.5 12.13 
5 2013 GA9L 52.5 16.17 
5 2013 GA9L 62.5 16.17 
5 2013 GA9L 72.5 11.32 
5 2013 GA9L 82.5 11.32 
5 2013 GA9L 92.5 18.59 
5 2013 GA9D 12.5 12.13 
5 2013 GA9D 22.5 8.08 
5 2013 GA9D 32.5 17.78 
5 2013 GA9D 42.5 12.13 
5 2013 GA9D 52.5 21.83 
5 2013 GA9D 62.5 12.93 
5 2013 GA9D 72.5 12.93 
5 2013 GA9D 82.5 16.17 
5 2013 GA9D 92.5 15.36 
5 2013 GA9M 2.5 7.28 
5 2013 GA9M 12.5 8.89 
5 2013 GA9M 22.5 7.28 
5 2013 GA9M 32.5 15.36 
5 2013 GA9M 42.5 15.36 
5 2013 GA9M 52.5 12.93 
5 2013 GA9M 62.5 12.13 
5 2013 GA9M 72.5 15.36 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA9M 82.5 12.93 
5 2013 GA9M 92.5 11.32 
5 2013 GA9R 2.5 12.13 
5 2013 GA9R 12.5 8.08 
5 2013 GA9R 22.5 4.85 
5 2013 GA9R 32.5 3.23 
5 2013 GA9R 42.5 8.08 
5 2013 GA9R 52.5 10.51 
5 2013 GA9R 62.5 16.17 
5 2013 GA9R 72.5 10.51 
5 2013 GA9R 82.5 11.32 
5 2013 GA9R 92.5 10.51 
5 2013 GA10L 2.5 40.42 
5 2013 GA10L 12.5 18.59 
5 2013 GA10L 22.5 25.06 
5 2013 GA10L 32.5 12.93 
5 2013 GA10L 42.5 11.32 
5 2013 GA10L 52.5 11.32 
5 2013 GA10L 62.5 13.74 
5 2013 GA10L 72.5 11.32 
5 2013 GA10L 82.5 10.51 
5 2013 GA10L 92.5 14.55 
5 2013 GA10D 2.5 17.78 
5 2013 GA10D 12.5 3.23 
5 2013 GA10D 22.5 18.59 
5 2013 GA10D 32.5 10.51 
5 2013 GA10D 42.5 4.85 
5 2013 GA10D 52.5 17.78 
5 2013 GA10D 62.5 12.13 
5 2013 GA10D 72.5 13.74 
5 2013 GA10D 82.5 15.36 
5 2013 GA10D 92.5 12.13 
5 2013 GA10M 2.5 4.04 
5 2013 GA10M 12.5 10.51 
5 2013 GA10M 22.5 16.98 
5 2013 GA10M 32.5 16.17 
5 2013 GA10M 42.5 14.55 
5 2013 GA10M 52.5 10.51 
5 2013 GA10M 62.5 13.74 
5 2013 GA10M 72.5 8.89 
5 2013 GA10M 82.5 8.89 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA10M 92.5 11.32 
5 2013 GA10R 2.5 7.28 
5 2013 GA10R 12.5 7.28 
5 2013 GA10R 22.5 17.78 
5 2013 GA10R 32.5 8.89 
5 2013 GA10R 42.5 23.44 
5 2013 GA10R 52.5 21.83 
5 2013 GA10R 62.5 14.55 
5 2013 GA10R 72.5 13.74 
5 2013 GA10R 82.5 13.74 
5 2013 GA10R 92.5 15.36 
5 2013 GA11L 2.5 40.42 
5 2013 GA11L 12.5 17.78 
5 2013 GA11L 22.5 12.93 
5 2013 GA11L 32.5 14.55 
5 2013 GA11L 42.5 11.32 
5 2013 GA11L 52.5 11.32 
5 2013 GA11L 62.5 11.32 
5 2013 GA11L 72.5 12.13 
5 2013 GA11L 82.5 12.93 
5 2013 GA11L 92.5 12.13 
5 2013 GA11D 2.5 12.93 
5 2013 GA11D 12.5 9.70 
5 2013 GA11D 32.5 4.85 
5 2013 GA11D 42.5 11.32 
5 2013 GA11D 52.5 13.74 
5 2013 GA11D 62.5 12.93 
5 2013 GA11D 72.5 10.51 
5 2013 GA11D 82.5 10.51 
5 2013 GA11D 92.5 8.89 
5 2013 GA11M 2.5 4.04 
5 2013 GA11M 12.5 5.66 
5 2013 GA11M 22.5 10.51 
5 2013 GA11M 32.5 13.74 
5 2013 GA11M 42.5 11.32 
5 2013 GA11M 52.5 12.93 
5 2013 GA11M 62.5 12.93 
5 2013 GA11M 72.5 0.81 
5 2013 GA11M 82.5 13.74 
5 2013 GA11M 92.5 14.55 
5 2013 GA11R 2.5 6.47 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA11R 12.5 17.78 
5 2013 GA11R 22.5 11.32 
5 2013 GA11R 32.5 10.51 
5 2013 GA11R 42.5 14.55 
5 2013 GA11R 52.5 8.08 
5 2013 GA11R 62.5 10.51 
5 2013 GA11R 72.5 14.55 
5 2013 GA11R 82.5 12.13 
5 2013 GA11R 92.5 12.13 
5 2013 GA12L 2.5 40.42 
5 2013 GA12L 12.5 16.98 
5 2013 GA12L 22.5 14.55 
5 2013 GA12L 32.5 12.13 
5 2013 GA12L 42.5 12.13 
5 2013 GA12L 52.5 12.93 
5 2013 GA12L 62.5 11.32 
5 2013 GA12L 72.5 11.32 
5 2013 GA12L 82.5 10.51 
5 2013 GA12L 92.5 10.51 
5 2013 GA12D 2.5 19.40 
5 2013 GA12D 12.5 16.17 
5 2013 GA12D 32.5 4.04 
5 2013 GA12D 42.5 10.51 
5 2013 GA12D 52.5 9.70 
5 2013 GA12D 62.5 10.51 
5 2013 GA12D 72.5 8.89 
5 2013 GA12D 82.5 9.70 
5 2013 GA12D 92.5 11.32 
5 2013 GA12M 2.5 6.47 
5 2013 GA12M 12.5 4.04 
5 2013 GA12M 22.5 8.89 
5 2013 GA12M 32.5 13.74 
5 2013 GA12M 42.5 12.93 
5 2013 GA12M 52.5 6.47 
5 2013 GA12M 62.5 15.36 
5 2013 GA12M 72.5 12.93 
5 2013 GA12M 82.5 11.32 
5 2013 GA12M 92.5 12.13 
5 2013 GA12R 2.5 7.28 
5 2013 GA12R 12.5 8.89 
5 2013 GA12R 22.5 16.17 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA12R 32.5 12.13 
5 2013 GA12R 42.5 12.93 
5 2013 GA12R 52.5 11.32 
5 2013 GA12R 62.5 12.93 
5 2013 GA12R 72.5 12.93 
5 2013 GA12R 82.5 8.89 
5 2013 GA12R 92.5 11.32 
5 2013 GA13L 2.5 40.42 
5 2013 GA13L 12.5 16.17 
5 2013 GA13L 22.5 15.36 
5 2013 GA13L 32.5 17.78 
5 2013 GA13L 42.5 18.59 
5 2013 GA13L 52.5 14.55 
5 2013 GA13L 62.5 10.51 
5 2013 GA13L 72.5 12.13 
5 2013 GA13L 82.5 12.93 
5 2013 GA13L 92.5 8.08 
5 2013 GA13D 2.5 23.44 
5 2013 GA13D 12.5 8.89 
5 2013 GA13D 32.5 3.23 
5 2013 GA13D 42.5 8.89 
5 2013 GA13D 52.5 12.13 
5 2013 GA13D 62.5 16.98 
5 2013 GA13D 72.5 8.89 
5 2013 GA13D 82.5 21.83 
5 2013 GA13D 92.5 40.42 
5 2013 GA13M 2.5 12.93 
5 2013 GA13M 12.5 15.36 
5 2013 GA13M 22.5 15.36 
5 2013 GA13M 42.5 8.89 
5 2013 GA13M 52.5 16.17 
5 2013 GA13M 62.5 16.98 
5 2013 GA13M 72.5 17.78 
5 2013 GA13M 82.5 16.98 
5 2013 GA13M 92.5 17.78 
5 2013 GA13MB 2.5 3.23 
5 2013 GA13MB 12.5 7.28 
5 2013 GA13MB 22.5 4.85 
5 2013 GA13MB 32.5 12.13 
5 2013 GA13MB 42.5 13.74 
5 2013 GA13MB 52.5 16.17 
  
136 
   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA13MB 62.5 19.40 
5 2013 GA13MB 72.5 18.59 
5 2013 GA13MB 82.5 21.83 
5 2013 GA13MB 92.5 21.83 
5 2013 GA13R 2.5 13.74 
5 2013 GA13R 12.5 14.55 
5 2013 GA13R 22.5 28.29 
5 2013 GA13R 32.5 18.59 
5 2013 GA13R 42.5 16.17 
5 2013 GA13R 52.5 20.21 
5 2013 GA13R 62.5 15.36 
5 2013 GA13R 72.5 14.55 
5 2013 GA13R 82.5 13.74 
5 2013 GA13R 92.5 13.74 
5 2013 GA14L 2.5 40.42 
5 2013 GA14L 12.5 23.44 
5 2013 GA14L 22.5 16.98 
5 2013 GA14L 32.5 21.83 
5 2013 GA14L 42.5 20.21 
5 2013 GA14L 52.5 17.78 
5 2013 GA14L 62.5 14.55 
5 2013 GA14L 72.5 16.17 
5 2013 GA14L 82.5 14.55 
5 2013 GA14L 92.5 19.40 
5 2013 GA14D 2.5 11.32 
5 2013 GA14D 12.5 7.28 
5 2013 GA14D 22.5 21.83 
5 2013 GA14D 32.5 18.59 
5 2013 GA14D 42.5 15.36 
5 2013 GA14D 52.5 11.32 
5 2013 GA14D 62.5 11.32 
5 2013 GA14D 72.5 12.93 
5 2013 GA14D 82.5 12.13 
5 2013 GA14D 92.5 13.74 
5 2013 GA14M 2.5 13.74 
5 2013 GA14M 12.5 6.47 
5 2013 GA14M 22.5 3.23 
5 2013 GA14M 32.5 10.51 
5 2013 GA14M 42.5 12.93 
5 2013 GA14M 52.5 12.13 
5 2013 GA14M 62.5 17.78 
  
137 
   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA14M 72.5 14.55 
5 2013 GA14M 82.5 18.59 
5 2013 GA14M 92.5 13.74 
5 2013 GA14R 2.5 11.32 
5 2013 GA14R 12.5 15.36 
5 2013 GA14R 22.5 9.70 
5 2013 GA14R 32.5 3.23 
5 2013 GA14R 42.5 8.08 
5 2013 GA14R 52.5 16.98 
5 2013 GA14R 62.5 17.78 
5 2013 GA14R 72.5 16.17 
5 2013 GA14R 82.5 14.55 
5 2013 GA14R 92.5 13.74 
5 2013 GA15L 2.5 40.42 
5 2013 GA15L 12.5 21.02 
5 2013 GA15L 22.5 10.51 
5 2013 GA15L 32.5 19.40 
5 2013 GA15L 42.5 15.36 
5 2013 GA15L 52.5 16.17 
5 2013 GA15L 62.5 13.74 
5 2013 GA15L 72.5 13.74 
5 2013 GA15L 82.5 12.93 
5 2013 GA15L 92.5 12.13 
5 2013 GA15D 2.5 40.42 
5 2013 GA15D 12.5 3.23 
5 2013 GA15D 22.5 7.28 
5 2013 GA15D 32.5 8.89 
5 2013 GA15D 42.5 11.32 
5 2013 GA15D 52.5 13.74 
5 2013 GA15D 62.5 16.17 
5 2013 GA15D 72.5 15.36 
5 2013 GA15D 82.5 18.59 
5 2013 GA15D 92.5 15.36 
5 2013 GA15M 2.5 12.13 
5 2013 GA15M 12.5 8.89 
5 2013 GA15M 22.5 17.78 
5 2013 GA15M 32.5 5.66 
5 2013 GA15M 42.5 16.17 
5 2013 GA15M 52.5 4.04 
5 2013 GA15M 62.5 14.55 
5 2013 GA15M 72.5 16.17 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA15M 82.5 15.36 
5 2013 GA15M 92.5 13.74 
5 2013 GA15R 2.5 9.70 
5 2013 GA15R 12.5 8.89 
5 2013 GA15R 22.5 9.70 
5 2013 GA15R 32.5 12.93 
5 2013 GA15R 42.5 15.36 
5 2013 GA15R 52.5 17.78 
5 2013 GA15R 62.5 13.74 
5 2013 GA15R 72.5 5.66 
5 2013 GA15R 82.5 6.47 
5 2013 GA15R 92.5 16.98 
5 2013 GA16L 2.5 40.42 
5 2013 GA16L 12.5 40.42 
5 2013 GA16L 22.5 7.28 
5 2013 GA16L 32.5 8.08 
5 2013 GA16L 42.5 12.13 
5 2013 GA16L 52.5 12.93 
5 2013 GA16L 62.5 10.51 
5 2013 GA16L 72.5 12.13 
5 2013 GA16L 82.5 12.13 
5 2013 GA16L 92.5 12.93 
5 2013 GA16LB 2.5 40.42 
5 2013 GA16LB 12.5 16.17 
5 2013 GA16LB 22.5 8.89 
5 2013 GA16LB 32.5 10.51 
5 2013 GA16D 2.5 4.04 
5 2013 GA16D 12.5 16.17 
5 2013 GA16D 22.5 4.85 
5 2013 GA16D 32.5 5.66 
5 2013 GA16D 42.5 16.17 
5 2013 GA16D 52.5 16.17 
5 2013 GA16D 62.5 8.08 
5 2013 GA16D 72.5 12.93 
5 2013 GA16D 82.5 13.74 
5 2013 GA16D 92.5 12.93 
5 2013 GA16M 2.5 8.89 
5 2013 GA16M 12.5 14.55 
5 2013 GA16M 22.5 18.59 
5 2013 GA16M 32.5 4.85 
5 2013 GA16M 42.5 3.23 
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   depth 
shear 
strength 
month year core cm kPa 
5 2013 GA16M 52.5 15.36 
5 2013 GA16M 62.5 13.74 
5 2013 GA16M 72.5 12.13 
5 2013 GA16M 82.5 15.36 
5 2013 GA16M 92.5 12.93 
5 2013 GA16MB 2.5 8.89 
5 2013 GA16MB 12.5 10.51 
5 2013 GA16MB 22.5 12.13 
5 2013 GA16MB 32.5 4.04 
5 2013 GA16MB 42.5 10.51 
5 2013 GA16MB 52.5 2.43 
5 2013 GA16MB 62.5 10.51 
5 2013 GA16MB 72.5 13.74 
5 2013 GA16MB 82.5 12.93 
5 2013 GA16MB 92.5 16.98 
5 2013 GA16R 2.5 16.17 
5 2013 GA16R 12.5 19.40 
5 2013 GA16R 22.5 20.21 
5 2013 GA16R 32.5 22.64 
5 2013 GA16R 42.5 16.98 
5 2013 GA16R 52.5 13.74 
5 2013 GA16R 62.5 12.93 
5 2013 GA16R 72.5 13.74 
5 2013 GA16R 82.5 15.36 
5 2013 GA16R 92.5 15.36 
10 2013 GA17L 2.5 40.42 
10 2013 GA17L 12.5 21.83 
10 2013 GA17L 22.5 14.55 
10 2013 GA17L 32.5 18.59 
10 2013 GA17L 42.5 8.08 
10 2013 GA17L 52.5 17.78 
10 2013 GA17L 62.5 20.21 
10 2013 GA17L 72.5 12.13 
10 2013 GA17D 2.5 40.42 
10 2013 GA17D 12.5 25.87 
10 2013 GA17D 22.5 12.13 
10 2013 GA17D 32.5 20.21 
10 2013 GA17D 42.5 17.78 
10 2013 GA17D 52.5 21.83 
10 2013 GA17D 62.5 15.36 
10 2013 GA17D 72.5 13.74 
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   depth 
shear 
strength 
month year core cm kPa 
10 2013 GA17M 2.5 4.85 
10 2013 GA17M 12.5 16.17 
10 2013 GA17M 22.5 19.40 
10 2013 GA17M 32.5 4.85 
10 2013 GA17M 42.5 13.74 
10 2013 GA17M 52.5 17.78 
10 2013 GA17M 62.5 16.98 
10 2013 GA17R 2.5 4.85 
10 2013 GA17R 12.5 9.70 
10 2013 GA17R 22.5 16.17 
10 2013 GA17R 32.5 27.49 
10 2013 GA17R 42.5 12.13 
10 2013 GA17R 52.5 16.98 
10 2013 GA17R 62.5 19.40 
10 2013 GA17R 72.5 13.74 
10 2013 GA18L 2.5 40.42 
10 2013 GA18L 12.5 33.95 
10 2013 GA18L 22.5 16.17 
10 2013 GA18L 32.5 15.36 
10 2013 GA18L 42.5 21.83 
10 2013 GA18L 52.5 16.98 
10 2013 GA18L 62.5 11.32 
10 2013 GA18L 72.5 11.32 
10 2013 GA18D 2.5 38.80 
10 2013 GA18D 12.5 15.36 
10 2013 GA18D 22.5 12.13 
10 2013 GA18D 32.5 11.32 
10 2013 GA18D 42.5 10.51 
10 2013 GA18D 52.5 13.74 
10 2013 GA18D 62.5 11.32 
10 2013 GA18M 2.5 1.62 
10 2013 GA18M 12.5 1.62 
10 2013 GA18M 22.5 8.08 
10 2013 GA18M 32.5 4.85 
10 2013 GA18M 42.5 8.89 
10 2013 GA18M 52.5 16.17 
10 2013 GA18M 62.5 15.36 
10 2013 GA18R 2.5 8.89 
10 2013 GA18R 12.5 16.17 
10 2013 GA18R 22.5 34.76 
10 2013 GA18R 32.5 16.17 
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   depth 
shear 
strength 
month year core cm kPa 
10 2013 GA18R 42.5 15.36 
10 2013 GA18R 52.5 9.70 
10 2013 GA18R 62.5 11.32 
10 2013 GA19L 2.5 40.42 
10 2013 GA19L 12.5 20.21 
10 2013 GA19L 22.5 12.93 
10 2013 GA19L 32.5 24.25 
10 2013 GA19L 42.5 18.59 
10 2013 GA19L 52.5 17.78 
10 2013 GA19D 2.5 14.55 
10 2013 GA19D 12.5 22.64 
10 2013 GA19D 22.5 16.17 
10 2013 GA19D 32.5 19.40 
10 2013 GA19D 42.5 19.40 
10 2013 GA19D 52.5 16.17 
10 2013 GA19D 62.5 12.13 
10 2013 GA19D 72.5 20.21 
10 2013 GA19M 2.5 10.51 
10 2013 GA19M 12.5 7.28 
10 2013 GA19M 22.5 5.66 
10 2013 GA19M 32.5 4.04 
10 2013 GA19M 42.5 15.36 
10 2013 GA19M 52.5 9.70 
10 2013 GA19M 62.5 12.93 
10 2013 GA19R 2.5 10.11 
10 2013 GA19R 12.5 6.47 
10 2013 GA19R 22.5 12.13 
10 2013 GA19R 32.5 11.32 
10 2013 GA19R 42.5 12.13 
10 2013 GA19R 52.5 16.98 
10 2013 GA19R 62.5 16.98 
10 2013 GA21L 2.5 35.57 
10 2013 GA21L 12.5 18.59 
10 2013 GA21L 22.5 11.32 
10 2013 GA21L 32.5 9.70 
10 2013 GA21L 42.5 9.70 
10 2013 GA21L 52.5 9.70 
10 2013 GA21L 62.5 11.32 
10 2013 GA21D 2.5 40.42 
10 2013 GA21D 12.5 9.70 
10 2013 GA21D 22.5 8.08 
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   depth 
shear 
strength 
month year core cm kPa 
10 2013 GA21D 32.5 4.04 
10 2013 GA21D 42.5 4.85 
10 2013 GA21D 52.5 18.59 
10 2013 GA21D 62.5 6.47 
10 2013 GA21D 72.5 8.08 
10 2013 GA21M 2.5 5.66 
10 2013 GA21M 12.5 20.21 
10 2013 GA21M 22.5 18.59 
10 2013 GA21M 32.5 12.93 
10 2013 GA21M 42.5 16.17 
10 2013 GA21M 52.5 12.93 
10 2013 GA21M 62.5 12.93 
10 2013 GA21R 2.5 9.70 
10 2013 GA21R 12.5 27.49 
10 2013 GA21R 22.5 18.59 
10 2013 GA21R 32.5 14.55 
10 2013 GA21R 42.5 12.13 
10 2013 GA21R 52.5 10.51 
10 2013 GA21R 62.5 8.08 
10 2013 GA21R 72.5 11.32 
10 2013 GA22L 2.5 40.42 
10 2013 GA22L 12.5 21.83 
10 2013 GA22L 22.5 11.32 
10 2013 GA22L 32.5 11.32 
10 2013 GA22L 42.5 20.21 
10 2013 GA22L 52.5 12.13 
10 2013 GA22L 62.5 10.51 
10 2013 GA22D 2.5 29.91 
10 2013 GA22D 12.5 5.66 
10 2013 GA22D 22.5 9.70 
10 2013 GA22D 32.5 20.21 
10 2013 GA22D 42.5 14.55 
10 2013 GA22D 52.5 15.36 
10 2013 GA22D 62.5 10.51 
10 2013 GA22D 72.5 5.66 
10 2013 GA22M 2.5 10.51 
10 2013 GA22M 12.5 4.04 
10 2013 GA22M 22.5 1.62 
10 2013 GA22M 32.5 5.66 
10 2013 GA22M 42.5 0.81 
10 2013 GA22M 52.5 8.08 
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   depth 
shear 
strength 
month year core cm kPa 
10 2013 GA22M 62.5 11.32 
10 2013 GA22R 2.5 7.28 
10 2013 GA22R 12.5 8.08 
10 2013 GA22R 22.5 9.70 
10 2013 GA22R 32.5 12.93 
10 2013 GA22R 42.5 12.13 
10 2013 GA22R 52.5 10.51 
10 2013 GA22R 62.5 9.70 
10 2013 GA23L 2.5 40.42 
10 2013 GA23L 12.5 17.78 
10 2013 GA23L 22.5 7.28 
10 2013 GA23L 32.5 38.00 
10 2013 GA23L 42.5 12.13 
10 2013 GA23L 52.5 7.28 
10 2013 GA23L 62.5 9.70 
10 2013 GA23D 2.5 6.47 
10 2013 GA23D 12.5 5.66 
10 2013 GA23D 22.5 12.93 
10 2013 GA23D 32.5 32.34 
10 2013 GA23D 42.5 8.89 
10 2013 GA23D 52.5 20.21 
10 2013 GA23D 62.5 18.59 
10 2013 GA23M 2.5 8.89 
10 2013 GA23M 12.5 12.13 
10 2013 GA23M 22.5 1.62 
10 2013 GA23M 32.5 4.04 
10 2013 GA23M 42.5 4.04 
10 2013 GA23M 52.5 9.70 
10 2013 GA23M 62.5 10.51 
10 2013 GA23R 2.5 4.04 
10 2013 GA23R 12.5 19.40 
10 2013 GA23R 22.5 20.21 
10 2013 GA23R 32.5 16.17 
10 2013 GA23R 42.5 12.93 
10 2013 GA23R 52.5 14.55 
10 2013 GA23R 62.5 13.74 
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